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SKCTION  1 
INTRODUCTION 


The  t'allium  phosphide  research  program  at  Honeywell  has  established  the  technical  feasibility  of 
using  copper-doped  gallium  phosphide  (GaP:Cu)  for  the  fabrication  of  high-performance  visible 
radiation  detectors.  We  have  shown  that  these  detectors  can  meet  the  recjuirements  of  the  Air  Force 
for  space  attitude  reference  systems.  However,  prior  to  research  conducted  under  the  program  re- 
ported herein,  problems  still  existed  in  obtaining  adequate  rejiroducibility,  size,  and  uniformity  of 
the  GaF’;Cu  crystals.  These  limitations  were  primarily  due  to  the  random  nucleation  solution  growth 
method  which  had  been  employed  during  the  initial  research.  'Phis  growth  process  was  selected  for 
the  early  research  due  to  its  lack  of  complexity  and  ease  of  im|)lementation. 

The  objective  of  the  program  reported  herein  was  to  further  develop  the  GaP;Cu  crystal  growth 
process  so  that  it  could  reproducibly  yield  material  of  quality  suitable  for  the  high-performance 
detector  applications  specified  by  the  Air  P'orce.  To  achieve  this  objective,  we  elected  to  further 
develop  solution-growth  techniques  which,  in  addition  to  the  excellent  detector  characteristics  al- 
ready demonstrated,  have  the  potential  to  yield  th<>  required  size  and  uniformity.  It  is  well  known 
that  the  Czochralski  growth  technique  yields  large-area  GaP  crystals.  Our  decision  to  further 
advance  the  solution-growth  technitpies  was  based  on  the  following  considerations: 

• Kxcellent  photoproperties  had  been  observed  in  solution -grown  GaPiCu. 

• To  date,  all  reports  of  photoconductivity  in  non-solution-grown  GaPrC'u  give  very  long 
response  times. 

• GaP  grown  by  the  liquid  encapsulated  Czochralski  (LKC^)  technique  is  not  suitable  for  the 
direct  fabrication  of  light-emitting  diodes  (LKl)s),  but  is  used  as  substrate  material  for  sub- 
sequent liquid  phase  epitaxy  (LPK)  or  vapor  pha.se  epitaxy  (VPK)  growth.  The  junction  for 
the  I..KD  is  formed  in  the  epitaxially  grown  material. 
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• Kvoii  if  a(.li‘i|uaU>  pliotoproperties  could  1h>  achieved  in  LKC  (laF’iCu,  a sifjnificant  research 
effort  would  still  he  required  to  develop  reproducibility  and  uniformity  with  that  process. 

We  have  developed  two  complementary  solution  growth  technic)ues:  bulk  solution  growth  (BSG) 
and  liquid  pha.se  epita.xy  (LPK).  BSG  is  a phosphorus-diffusion-controlled  growth  from  a gallium 
solution  in  a temperature  gradient.  The  preferred  variation  of  this  technique  provides  an  elemental 
phosphorus  source  rather  than  the  compound  GaP.  The  technique  is  called  synthesis-solute- 
diffusion  (SSD). 

The  research  on  these  two  grow'th  approaches  performed  in  the  present  program  has  been  success- 
ful. The  two  variations  of  the  bulk  solution  process,  BSG  and  SSD,  were  develo[)ed  for  the  pur- 
pose(s)  of  providing  large  area  GaP:Cu  crystals  and/or  providing  solution  grown  substrates  for  LPE. 
During  the  program,  it  became  clear  that  LPE  was  the  best  way  to  grow  GaP;Cu  photoconductor 
material.  Therefore,  the  main  objective  of  the  bulk  solution  growth  became  the  development  of 
the  method  for  the  growth  of  crystals  suitable  for  LPE  substrates.  This  objective  was  achieved.  SSD 
single-crystal  GaP  ingots  as  large  as  1.2  cm  diameter  x 1 cm  long  were  grown  and  were  inclusion 
free  and  had  a much  lower  dislocation  density  than  typical  Czochralski  GaP. 

During  the  course  of  this  program,  we  successfully  developed  LPE  as  a crystal  growth  technique 
capable  of  producing  large  area  high  performance  GaPrCu  photoconductors.  The  development 
proceeded  from  some  initial  feasibility  experiments  with  a common  source  substrate  apparatus  to 
a slider  technique  and  finally  to  an  advanced  version  of  the  slider  technique.  With  the  advanced 

O 

slider,  we  are  able  to  reproducibly  grow  0.6  cm^  layers,  most  of  which  are  smooth  and  flat  enough 
for  photoconductor  fabrication. 

In  order  to  support  the  crystal  growth  experiments,  a substantial  material  evaluation  program  was 
carried  out.  Experiments  were  conducted  in  the  areas  of  (1)  photoconductivity,  (2)  transport 
properties,  (3)  infrared  absorption  and  (4)  capacitance  spectroscopy.  As  a result  of  this  evaluation, 
the  principal  defects  in  GaPrCu  have  been  measured,  including  shallow  donors  and  acceptors,  elec- 
tron tra[)s  and  deep  acceptors.  The  dominant  scattering  mechanisms  at  room  temperature  and  below 
have  been  identified  in  GaP;Cu.  Photoconductive  gain,  spectral  response  and  response  time  measure- 
ments have  shown  that  LPE  has  produced  the  highest  performance  GaP;Cu  to  date. 
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The  balance  of  this  report  is  conUhned  in  four  major  sections  as  follows: 


• Section  II  is  a description  of  the  experimental  techniques  and  apparatus  employed  through- 
out this  work. 

• Section  III  gives  the  experimental  results  obtained.  We  have  purposefully  tried  to  refrain 
from  interpretation  of  the  results  in  this  section. 

• Section  IV  is  a discussion  of  the  significance  and,  where  possible,  an  interpretation  of  the 
results  presented  in  Section  III. 

• Section  V is  a recapitulation  of  the  significant  accomplishments  achieved  during  this  pro- 
gram. 
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SKCTION  IF 

EXPERIMENTAL  TECHNIQUES  AND  APPARATUS 


The  objective  of  this  profjram  is  to  develop  a new  process  for  the  growth  of  Cu-doped  gallium 
phosphide.  Solution  growth  (i.e.,  prt'cipitation  of  .single-crystal  GaP  from  a saturated  gallium  solu- 
tion at  a temperature  300  to  500“C  below  the  melting  point  of  the  compound)  was  very  deliber- 
ately selected  at  the  inception  of  our  GaPiCu  photoconductor  work  for  the  following  reasons: 

• The  large  body  of  scientific  literature  on  photoluminescence  and  electroluminescence  in 
GaP  (and  also  GaAs)  shows  that  solution-grown  material  and  junctions  made  in  solution- 
grown  material  have  the  smallest  concentrations  of  defects  and  impurities. 

• Experimental  and  theoretical  determinations  of  the  phase  diagrams  for  GaP  show  that  the 
Ga  vacancy  concentration  (which  has  been  correlated  with  nonradiative  “killer  center” 
concentration)  decreases  by  10^  from  the  melting  point  of  GaP  to  1100°C. 

• Previously  reported  photoconductive  measurements  in  GaP:Cu  prepared  by  other  than 
solution-growth  methods  have  shown  response  times  much  longer  than  the  corresponding 
electron  lifetimes. 

Two  methods,  bulk  solution  growth  (BSG)  and  liquid  phase  epitaxy  (LPE),  have  b£>en  used  to  pre- 
pare undoped  and  Cu-doped  GaP  crystals.  The  rationale  for  the  two  aspects  of  this  crystal  growth 
program  are  shown  below.  The  two  methods  are  not  seen  as  alternatives,  but  as  two  interdependent 
parts  of  the  growth  program. 

Technique  Purpose 

Bulk  Solution  Growth  To  provide  a possible  method  for  the  growth 

of  large,  uniformly  doped  GaP:Cu  crystals  which 
are  suitable  for  LPE  substriites. 
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Technique 


Purpose 


Liquid  Phase  Kpitaxy  To  provide  large-area,  uniformly  doped  GaPrCu 

crystals  with  “as-grown”  surfaces. 

During  the  first  i«irt  of  the  program,  progress  reported  in  AFML-TR-76-79^^  * include  the  following; 

• Improved  LPE  surface  morphology  and  larger  LPE  area, 

• Demonstration  of  sensitized  and  short -wavelength  photoconductivity  in  GaP.Cu  LPE  layers. 

• Design  and  construction  of  BSG  apparatus. 

• BSG  growth  of  ~ 5-mm-diameter  GaP  single  crystals. 

• Demonstration  of  ampoule  tip  cooling  as  an  important  technique  for  enhancing  single- 
crystal BSG  growth. 

Thus,  having  demonstrated  the  feasibility  of  our  approach  for  the  growth  of  large-area  Cu-doped 
GaP  for  high-performance  visible  radiation  detectors,  we  report  here  principally  the  results  of  work 
designed  to  further  upgrade  our  growth  process  with  some  reference  to  earlier  work^  for  illustra- 
tion. Specifically,  we  have  directed  our  efforts  toward  the  following  crystal  growth  objectives; 

• Increa.sed  BSG  crystal  size,  both  in  diameter  and  length, 

• Improved  single  crystallinity  of  BSG  crystals  through  use  of  modified  ampoule  tip  cooling 
configurations  for  graphite  crucibles. 

• Development  of  the  synthesis-solute-diffu.sion  (SSD)  variation  of  the  BSG  process. 

• Modification  of  the  slider  mechanism  for  iiuproved  I.PE  layer  flatness  and  smoothness. 

• Improved  control  of  Cu  doping  in  LPE  layers. 


^ AFML-TR-76-79  Report  on  “Advanced  Development  on  Gallium  Phosphide  Materials  for  Satellite 
Attitude  Sensors,”  Contract  F33615-75-C-5244. 
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A.  BULK  SOLUTION  GROWTH  APPARATUS 

Two  methods  of  crystal  growth  were  performed  in  this  program,  hulk  growth  and  LPE.  We  have 
investigated  two  variations  of  the  bulk  process.  One  starts  with  GaP  and  recrystallizes  it  from  a 
gallium  solution.  The  other  starts  by  compounding  the  GaP  from  phosphorus  vapor  and  gallium  and 
then  recrystallizing  it.  These  two  variations  are  called  bulk  solution  growth  (BSG)  and  synthesis- 
solute-diffusion  (SSD)  growth,  respectively,  and  are  illustrated  schematically  in  Figure  1.  The  SSD 
method  is  preferred  since  it  starts  with  the  elements  Ga  and  P whose  purities  are  more  rigorously 
specified  by  suppliers  than  is  the  purity  of  commercially  available  GaP.  However,  developing  the 
furnace  configuration  and  other  important  elements  of  the  growth  system  which  are  common  to 
both  BSG  and  SSD  was  done  much  more  efficiently  using  the  BSG  method.  The  first  22  runs  were 
BSG,  then  the  SSD  method  was  begun. 


Figure  1.  Alternate  growth  te<>hniques  for  bulk  solution  growth. 
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As  mentioned  earlier,  in  our  previous  program,  important  improvements  were  made  in  the  way  in 
which  the  temperature  gradient  was  established  in  the  melt  so  as  to  achieve  a convex  growth  inter- 
face which  promotes  single-crystal  growth.  This  was  achieved  hy  using  an  isothermal  furnace  environ- 
ment combined  with  forced  air  cooling  of  a carefully  restricted  portion  of  the  tip  of  the  growth 
amtwule.  These  experiments  were  initially  done  with  quartz  as  shown  in  P'igure  2 rather  than  with 
a graphite  crucible  because  of  the  ease  of  varying  the  quartz  crucible.  During  the  remainder  of  the 
work,  the  tip  cooling  technique  was  applied  to  the  graphite  crucible  which  was  machined  from  a 
sjiecial  semiconductor  grade  (DFP-3-2)  of  a high-purity  graphite  by  Poco  Graphite  Inc.^®^ 

The  configuration  is  shown  schematically  in  Figure  3.  The  cup-shaped  piece,  which  forms  the  GaP 
seed  retainer  and  bottom  of  the  graphite  crucible,  was  machined  to  provide  a close  fit  over  the  cool- 
ing dimple  in  the  quartz  ampoule.  It  is  important  to  establish  as  low  a thermal  resistance  as  possible 
between  the  cooling  gas  stream  and  the  GaP  seed  and  Ga  column. 

For  the  SSD  method,  the  same  graphite  crucible  was  used  except  for  one  run  which  used  a quartz 
crucible.  For  SSD,  however,  the  crucible  cap  is  removed  and  a quartz  cup  for  the  phosphorus  is 
located  in  the  ampoule  above  the  crucible.  This  arrangement  is  shown  in  Figure  4. 

For  SSD  growth,  the  furnace  also  had  to  be  modified  to  (jrovide  a lower  temperature  zone  of  about 
400®C  for  the  phosphorus.  The  vapor  pressure  of  phosphorus  at  400®C  is  approximately  300  Torr. 
During  the  growth  run,  the  temperatures  at  the  locations  Tp,  Tj  and  T2  were  recorded.  The  graphite 
crucible  is  cleaned  by  etching  in  MCI  ■.Il20;IlN02  in  the  ratio  2:2:1  at  50^C.  It  is  then  successively 
rinsed  in  deionized  distilled  water,  acetone,  methanol  and,  finally,  hot  deionized  distilled  water. 

The  Amersil<^)  fused  quartz  ampoules,  .sealing  plugs  and  phosphorus  cups  were  cleaned  with 
detergent  and  water  followed  by  acetone,  methanol  and  a cleaning  solution  of  H20:IIF:HN0g  in 
the  ratio  5:2:3.  After  10  rinses  with  deionized  distilled  water,  the  ampoule,  along  with  the  graphic 
crucible  which  had  been  cleaned  as  previously  described,  is  vacuum  baked  at  1150“C  for/v  3 hr. 

The  1150®C  bake  removed  any  residual  hydroxyl  radicals. 


® Poco  Graphite  Inc.,  1601  South  State  Street,  Decatur,  Texas  76234. 
^ Amersil,  Inc.,  685  Ramsey  Avenue,  Hillside,  New  Jersey  07205. 
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Figure  2.  Furnace  configuration  and  temperature  profile  for  the  BSQ  process  using  a cooling 
jet  to  establish  the  temperature  gradient. 


Figure  3.  BSG  apparatus  using  a graphite  crucible  and  tip  cooling. 


Fi({ure  4.  SSD  apparatus  using  a graphite  c rucible  and  tip  cooling. 


I 


The  99.9999  % pure  {'la  for  the  BSC  and  SSI)  runs  is  obtained  from  Eagle-Picher  Industries'^’). 
99.9999'?  pure  red  phosphorus  is  obtained  from  .Atomergie  Chemicals  Corporation.  The  glass 
phosphorus  ampoule  is  stored  in  a dessicator  after  opening.  Cal’<l  1 1>  seed  crystals  were  cut  from 
Czochralski  ingots  purchased  from  Cambridge  l.VIANCO^'*).  The  seed  crystals  were  further  prepared 
by  removing  saw  cut  damage  by  lapjiing  with  3.0  pm  alumina  on  glass,  3.0  pm  alumina  on  cloth 
and  free  etching  in  dilute  aqua  regia  (HCl :II20:I1N03  in  the  ratio  2:2:1)  at  45°C.  The  final  rinses 
are  with  deionized  distilled  water. 

.After  loading  the  Ca,  CaP  .source,  GaP  .seed  and  phosphorus  (if  used),  the  ampoule  is  evacuated  to 
_^10'5  using  an  oil-free  sputter-ion  sorption  vacuum  system  and  sealed  off.  The  growth  process 
has  been  carried  out  for  from  .5  to  17  days. 


B.  LI'HJin  Pll.ASi:  KPITAXI.AL  GROWTH  APPARATUS 

Two  LPP;  growth  methods  were  used,  a common-source  substrate  technique  and  a slider  technique, 
although  only  a few  runs  were  made  with  the  first,  which  is  illustrated  in  Figure  5.  With  this  method, 
a single  piece  of  ('zochralski  GaP  acts  both  as  the  source  of  GaP  to  saturate  the  Ga  during  heat  up  and 
as  the  substrate  on  which  LPK  crystal  growth  occurs  during  cool  down. 

The  slider  method  was  u.sed  for  all  the  remaining  runs.  One  of  the  slider  mechanisms  (mechanism  2)^®^ 
employed  m this  technique  is  shown  in  Figure  6.  .All  of  the  parts  are  machined  from  pyrolytic 
graphite  stock  obtained  from  Union  Carbide  Corporation)^). 


‘^Eagle-Picher  Industries,  Inc.,  PO  Box  737,  CJuapaw,  Oklahoma  74363. 

‘^Cambridge  IMANCO  Division,  Cambridge  Instrument  Inc.,  40  Robert  Pitt  Drive,  Monsey, 

New  York  10952. 

^Slider  mechanism  1 was  designed  and  constructed  during  an  earlier  [)rogram.  Slider  mechanisms 
2 and  3 are  improved  versions  of  this  first  design. 

^ Union  Carbide  Corporation,  Carbon  Products  Division,  120  South  Riverside  Plaza,  Chicago, 
Illinois  60606. 
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The  experience  gained  usint>  the  common  source-sul)strate  teclinic|ue  and  slider  mechanism  2 is 
covered  more  fully  in  AP’ML-TR-76-79*  ^ An  advanced  slider  mechanism  was  designed  and  built 
on  the  basis  of  that  experience.  Slider  mechanism  3,  shown  in  Figure  7,  w'as  machined  from  a 
sjiecial  semiconductor  grade  (I)Fl’-3-2)  of  high-purity  graphite  by  Poco  Grauhite  Inc.  Compared 
to  previous  designs  which  we  have  used,  the  slider  shown  in  Figure  7 incorporates  the  following 
improved  features; 

• Isotropic  graphite  which  is  less  fragile  than  pyrolytic  graphite. 

• Freedom  from  the  constraints  imposed  by  the  very  large  anisotropic  thermal  conductivity 
and  expansion  coefficient  of  pyrolytic  graphite. 

• Capacity  for  six  substrates. 

• Larger  area  LPK  layer  capability  (4.7  mm  x 12.7  mm). 

• A cooling  cavity  located  m the  graphite  directly  below  the  substrate  slots  which  is  used  to 
establish  a tein|)erature  gradient  across  the  growth  interface. 

• A gallium-well  r.i.'i  hmed  in  the  graphite  directly  over  the  cooling  cavity  to  reduce  lateral 
thermal  gradients. 

The  addition  of  a cooling  cavity  is  the  most  significant  improvement  in  the  design  of  this  new  slider. 
A well-controlled  tem|K*rature  gradient  across  the  substrate-melt  growth  interface  is  neces.sary  for 
the  growth  of  smooth  LPK  layers. 

The  furnace  growth  tube  and  asscudated  fittings  are  >hown  schematically  in  Figure  8.  A single-ended 
(to  minimize  the  possibility  of  leaks)  Coors  alumina  tube^^^  was  placed  inside  a special  stainless  steel 
alloy  tube.  This  alloy,  RA333,  will  withstand  cyclic  ojicration  to  llOO^C.  The  stainless  steel  tube  is 
a safety  feature  which  prevents  an  ex()losion  in  the  event  the  alumina  tuire  cracks  during  use  of  a 
high-percentage-hydrogen  growth  atmosphen-. 


^AFMI-  TR-76-79,  Report  on  “Advanced  Development  on  Gallium  Phosphide  Materials  for  Satellite 
Attitude  Sen.sors,”  Contract  F'3361 5-75-(N5244. 

**Coors  Porcelain  (.’om|>any,  600  9th  Street,  Golden,  Colorado  80401, 
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Figure  7.  LPE  growth  slider  mechanism  3. 


Figure  8.  LPE  growth  apparatus. 


All  of  the  sul)stra(es  used  for  LI’K  urowth  in  this  jrroftram  were  cut  from  three  different  Czochral.ski 
intjots  purchased  from  CanihridKe  IMANCO.  Some  of  the  (laP  had  been  precut  into  wafers  by  the 
supplier  and  the  rest  was  cut  into  wafers  usint;  O.OOh-in.  wire  saw  and  GOO-mesh  silicon  carbide 
abrasive.  Typically,  the  wafers  were  mounteil  on  a flat  ttla.ss  lappiiift  block  with  beeswax  and  hand 
lapped  to  a predetermined  thickness  usintt  3-pm  aluminum  oxide  on  gla.ss.  The  wafers  are  then 
chemical-mechanically  polished  by  removinjtrjO.OO'i  in.  of  material  with  a 17r  lir-methanol  solution 
usinfj  a Multi|)ol  lapping  machine  and  a polyurethane  lai).  The  feed  rate  of  the  1%  Mr-methanol  solu- 
tion does  not  app(>ar  to  be  critical;  about  80  drops/min.  gives  good  results. 

The  wafers  are  removed  from  the  gla.ss  la|)ping  block  and  dipped  in  melted  beeswax  for  protection. 
The  wafers  are  remounted  on  glass  slides  and  cut  to  appropriate  size  for  u.se  as  substrates.  Chloro- 
form is  a useful  solvent  for  beeswax  and  is  the  principal  solvent  used  for  final  cleaning.  Just  before 
loading  into  the  sliiler,  the  substrates  are  free  etched  forej]  5 min.  at  80*^*C  in  a stirred  potassium 
ferrii-yanide  etch  (0.,5.\I  KtJII,  1 .OM  K3T>(CN)p|  ■ The  wafers  are  rinsed  in  deionized  distilled 
water  and  blown  dry  with  nitrogen.  The  substrates  are  immediately  loaded  in  the  slider  and  the 
li()uid  gallium  metal,  CaP  source  material  and  Cu  dopant  (if  used)  are  placed  in  the  growth  bins. 

The  gallium  is  from  Kagle-Picher  and  is  OD.BSHMlDf?  pure;  the  copper  is  99.S)5»9%  pure  and  was  ob- 
tained from  .Materials  Kivsearch  Corfioration**^*  and  from  Inlab  .Materials^^*.  The  Cal’  source  material 
was  of  several  types  depending  on  the  purpose  of  the  particular  run.  LIndoped  polycrystalline  porous 
Cal’  was  obtained  from  Monsanto^-)'.  l’ndo|)ed  Czochralski  single  material  (the  same  as  the  material 
used  for  substrates)  vvasobtaincfl  from  Cambridge  lM.\NCO,.as  previously  mentioned.  I’olycrystal- 
hne  ingot  Cal’  was  al.so  obtained  from  Camliridge  l.M.WCC).  Sulfur-doped  Czochralski  single  crystal 
Cal’  was  purchased  from  Ceneral  Klectnc  Corporation**^*. 

The  slider  works  in  the  following  way.  Ca  and  Cal’  (and  Cu  dopant  if  used)  are  put  in  the  growth 
charge  chambers;  lapped  and  polished  Cal’  substrates  are  placed  in  the  sutistrale  slo*s  The  sliding 


*^.Materials  K(>s«‘arch  Corporation,  Orangeburg,  New  York  109()2. 

' Inlab  Materials,  I’O  Box  269,  Utica,  New  York  1360,3. 

J .Monsanto,  Klectronic  .Materials,  I’O  Box  8,  St.  I’cders,  .Mi.ssouri  63376. 
k 

(leneral  Klectric  Corporation,  Miniature  Tanij)  Products  Di'jiartment,  Nela  I’ark,  ('leveland 
Ohio  41112. 
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member  (the  middle  one)  is  |)ositioned  so  that  the  growth  charge  columns  are  not  over  the  substrates. 
The  assembly  is  raised  to  about  lOSO^C  in  a palladium-rliffu.sed  II.,  atmosphere.  After  the  .system  has 
reached  thermal  equilibrium,  the  slider  is  moved  to  position  the  growth  charge  over  the  substrate. 

The  furnace  is  cooled  at  2.5“C7hr.  for  a time  corres|>onding  to  the  desired  layer  thickness.  A 15^C 
cool  down  [iroduces  a layer  which  is  ^ 15  /um  thick.  AfU>r  the  growth,  the  slider  is  returned  to  the 
starting  position,  and  the  furnace  is  cooled  to  room  temperature  for  removal  of  the  LPE  layers. 


C.  .MATERIAL  EV ALUA  TION- TECHNIQUES  AND  APPAR.VTUS 

P'our  major  techniques  were  used  to  evaluate  the  material  grown  during  this  program: 

• Photoconductivity 

• Transport  measurements 

• Infrared  sfiectroscopy 

• Capacitance  spectroscopy. 

This  section  discus.ses  the  techniques  and  apjiaratus  generally  emjiloyed  in  each  of  these  measure- 
ments. 

1 . Photoconductivity 

(lap  .samples,  grown  from  solution,  are  generally  oriented  in  the  < LLf  > direction.  VVe  u.'=ed  the 
(ihosphorous  surface  for  photoconductivity  studies.  This  surface  is  easily  distinguished  from  the 
gallium  surface  because  a |jolishing  etch  such  as  pota.ssium  ferricyanide  polishes  the  phosphorus 
side  while  putting  a matte  finish  on  the  gallium  side.  We  used  the  alloyed  Ag:Te/Ni  contact  which 
was  developed  earlier  for  the  low-resistance  contact  to  the  material^^,  3)  active  area  of  the 
photoconductor  was  definetl  by  the  contacts  in  the  so-called  “slit”  configuration  (length  >>  width). 

^H.  Nakatsuka,  A.  J.  Domenico  and  (1.  L.  Pearson,  Solid-State  Electron.  H,  819  (1971). 

^R.  (1.  .Schulze  and  P.  E.  Petersen,  J.  Appl.  Phys.  45,5307  (1974). 
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Tht'  apparatus  uscil  in  ttu‘  pholofoncluctivity  stucii(>s  is  shown  schnmaticaDy  in  Figure  9.  A xenon 
are  lamp  in  eonjunetion  willi  a i’erkin  Klmer  Model  98  spectrometer  is  the  illumination  source. 
The  sample  is  mounted  on  a three-way  translation  stage  in  a shielded  light-tight  box.  Reflecting 
optics  focus  the  radiation  on  the  sample.  The  photoconductive  signal  can  be  read  out  in  three 
different  ways.  The  d-c  |>hotocurrent  is  measured  with  a Keithley  electrometer^”^ ^ P’or  an  a-c 
photomeasurement,  a current -sensitive  preamplifier  in  conjunction  with  a PAR-124  lock-in  ampli- 
fier is  used . 


The  response  to  a single  radiation  pulse  can  l>e  displayed  on  a storage  o.scilloscope  by  using  the 
P.AR-114  signal  conditioning  amplifier  to  amplify  the  signal.  The  optical  system  is  calibrated 
with  a EG&G  calibrated  photodiode^ 
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Figure  9.  I’hotoconductivity  measuring  apparatus  schematic. 

' Perkin  Klmer  Corporation,  Main  Avenue,  Norwalk,  Connecticut  06856. 

“^Keithley  Instruments,  28775  Aurora  Rotid,  Cleveland,  Ohio  44139. 

” Princeton  Applied  Re.se;irch  Corporation,  PO  Bf)X  2565,  Princeton,  New  Jersey  08540. 
EG&G  Inc.,  160  Brookline  Avenue,  Boston,  Ma.ssachu.setts  02215. 

Oriel  Corporation  of  America,  15  Market  Street,  Stamford,  Connecticut  06902. 
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2.  Transport  Measurements 
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Three  different  systems  are  availalile  for  Hall  and  resistivity  analysis.  In  each  of  these  systems,  the 
sample  is  mounted  in  a Janis  Model  8DT  research  dewar^^^  which  can  be  cooled  to  the  liquid 
helium  temperature.  The  sample  temperature  can  be  controlled  to  0.1  K with  a Lakeshore  Cryo- 
tronics  DT-500  temperature  controller^ The  first  system  requires  a standard  bridge-shaped  Hall 
sample  and  is  capable  of  measuring  samples  with  resistances  up  to  10  i2  . To  enable  measurement 
of  samples  with  arbitrary  shapes,  we  constructed  the  necessary  apparatus  to  make  van  der  Pauw 
Hall  measurements.  In  addition,  we  have  a Hall  system  which  is  capable  of  making  measurements 
on  samples  with  resistances  up  to  10^^  A schematic  of  this  apparatus  is  shown  in  Figure  10. 

FLUKE 

digital  voltmeter  (t) 


Figure  10.  High-rc'sistivity  Hall  apparatus  schematic. 


‘^.lanis  Research  Co.,  Inc.,  22  Spencer,  Stoneham,  Massachusetts  02180. 

^ Lakeshore  Cryotronics  Inc.,  9629  Sandrock  Tr.,  Eden,  New  York  14057. 

® Dr.  Patrick  Hemenger  of  the  Air  Force  Materials  Laboratory  assisted  in  the  design  of  this  system, 
^.lohn  Fluke  Manufacturing  Company,  Inc.,  PO  Box  7428,  Seattle,  Washington  98133. 


I 

I 


18 


3.  Iiifnirotl  Spi'ctroscopy 


(u» 


The  infrared  transmittance  spectra  of  CiaP  crystals  were  obtained  with  th<‘  Diftilab  FTS-14  Fourier 
transform  spectrometer*''*.  The  .samples  were  attached  to  the  cold  fintjer  of  an  Air-Products  Cryo- 
Fip  helium  cryostat*"  * and  cooled  to  about  8 K for  measurement.  The  sample  temperature  was 
determined  by  usinj'  a .\u-7  atomic  percent  Fe-versus-C3i  thermocouple  .soldered  to  the  cold  fiiifter. 
The  sample  surfaces  wen'  lapped  and  polished  befori'  measurement,  with  no  chemical  surface  treat- 
ment beiiifi  used.  In  most  cases,  the  samples  were  lap|)ed  with  a 1.0°  taper  in  the  thickness  to 
eliminate  interference  fringes  in  the  transmitted  signal.  The  energy  transmitted  by  the  .sample  is 
measured  and  divided  by  the  energy  transmitted  by  the  cryostat  .system  without  the  sample.  The 
sample  and  reference  energy  spectra  are  measured  sequentially,  so  the  transmittance  is  limited  in 
accuracy  by  the  stability  of  the  spectrometer  system  and  by  the  accuracy  with  which  the  cryostat 
can  be  ri'positioned  between  measurements.  The  reproducibility  is  generally  better  than  5%. 

To  obUiin  accurate  measurements  of  the  impurity  concentration  by  infrared  spectroscojiic  measure- 
ments, the  absorption  cross-section  of  characteristic  lines  of  the  impurity  have  to  be  determined. 
This  is  accomplished  by  first  correlating  the  optical  measurements  with  electrical  determinations 
of  carrier  concentration  on  a few  samples.  Once  this  has  been  done,  carrier  concentrations  can 
gi'nerally  be  determined  to  a precision  of  about  + 50%.  This  procedure  of  calibration  has  been  done 
for  a number  of  shallow  donors,  but  has  not  been  completed  for  carbon  doped  material. 

The  photoconductivity  system  we  have  adapted  for  the  FTS  is  shown  schematically  in  Figure  11. 
The  sample  is  cooled  in  the  helium  cryostat  where  the  temperature  can  be  varied  from  300  K to 
about  5 K.  The  iihotocurrent  is  amplified  and  filter'd  with  a PAR-114  signal  conditioning  amplifier 
used  in  conjunction  with  either  the  P,\R-116  voltage  preamjilifier  or  the  PAR-184  current-sensitive 
jireamplifier.  The  latter  is  used  when  the  sample  resistance  becomes  greater  than  about  lO**  S2  . The 
signal  from  these  amjilifiers  is  then  further  jirocessed  by  the  digital  data  system  of  the  .si>ectrometcr. 

The  IR  Spectrosciipy  measurements  reported  herein  were  funded  by  Honeywell. 

Digilab  Inc.,  237  Putnam  Avenue,  ('ambridge,  Ma.s.sachusetts  02139. 

"Air  Products  and  fdiemicals,  Inc.,  Allentown,  Pennsylvania  18103. 
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CRYOSTAT 


Figure  11.  F’hotoconduc  tivity  system  used  with  Digilab  FTS-14  speetrometer. 


2i 


To  obUiin  the  rehitive  pliotoconductive  response,  the  enerfjy  spectrum  is  measured  with  a tnulycine 
sulphate  detector.  A Harrick  beam  conden.ser^’^^  with  reflective  optics  is  used  alonii  with  a specially 
modified  cryostat  system  to  increase  the  power  density  incident  on  the  sample.  The  beam  con- 
denser |)rovides  a lx  decrease  in  the  optical  beam  diameter  at  the  focal  point. 

Kxtrinsic  photoconductivity  measurements  of  impurities  generally  have  the  disadvantage  of  not 
providing  quantitative  information  on  the  concentration  of  the  impurities.  This  technique  is  far 
more  sensitive  than  the  transmittance  measurements,  so  it  is  extremely  useful  for  detecting  the 
pre.sence  of  trace  amounts  of  impurities.  From  a practical  standpoint,  this  technique  is  also  useful 
in  a new  crystal  growth  area  where  there  are  limitations  on  the  size  of  the  samples  available.  With 
the  beam-<'omlensing  optics  of  the  spectrometer,  a small  sample  can  be  measured  which  could  not 
be  handled  by  the  standard  transmittance  techniques. 


■1.  Capacitance  Spectro.scopy 


A schematic  of  the  capacitance  measuring  apparatus  is  shown  in  Figure  12.  The  lock-in  amplifier  is 
balanced  with  a standard  low-loss  capacitor  in  the  circuit.  The  a-c  measuring  bias  is  supplied  by  the 
reference  output  of  the  lock-in.  The  unknown  is  then  substituted  for  the  standard,  and  a measure- 
ment of  the  in-phase  and  quadrature  components  of  the  current  through  the  .sample  yield  respec- 
tively the  equivalent  [jarallel  capacitance  and  conductance  of  the  unknown.  The  d-c  sample  bias 
can  be  vari(*d  from  0 to  250  V.  .Measurements  can  be  made  over  a frequency  range  from  100  to 

C 

2x10  llz.  The  sample  is  mounted  in  a cryogenic  dewar  so  the  temjjerature  can  be  varied  from  room 
temperature  to  77  K.  In  addition,  it  is  possible  to  il'uminate  the  sample  with  two  different  radiation 
sources,  so  it  is  |K)ssible  to  u.se  this  system  for  double-source  photocapacitance  measurements. 


*Harrick  Scientific  Corporation,  Croton  Dam  Road,  PO  Box  867,  Ossining,  New  York  10562. 
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(VARIABLE) 


Fi({un‘  12.  Capacitance-measunnK  apparatus. 


SECTION  III 

EXPERIMENTAL  RESULTS 


riic  objective  of  the  (iaP  materials  cleveloijment  program  is  to  improve  the  growth  process  in  order 
to  increasi'  yield,  size  and  uniformity  of  (jaP:Cu  crystals.  The  experimental  results  presented  in  this 
section  show  an  iterative  progression  from  the  initial  design  of  the  BSG  apparatus  through  its  devel- 
opment into  the  SSD  method.  The  LPE  growth  advances  from  the  preliminary  common  source- 
substrate  experiments  through  two  versions  of  LPE  slider  apparatus.  The  results  of  the  first  19  BvSG 
runs  and  1 1 LPE  runs,  reported  more  completely  in  AFML-TR-76-79(l\  are  summarized  here  to 
give  the  background  leading  to  the  following  results  which  arc  presented  in  more  detail.  When 
feasible,  we  have  evaluated  the  material  grown,  using  the  methods  described  in  Section  II.  The 
experimental  results  are  discu.ssed  in  Section  III.  Section  IV  discusses  the  implications  and  conclu- 
sions which  can  be  drawn  from  interpretation  of  these  results. 


A.  BULK  SOLUTION  GROWTH'y> 

The  19  BSG  runs  which  were  reported  in  AFML-TR-76-79  arc  summarized  in  Table  1.  One  of  the 
principal  results  of  I his  series  of  growths  was  the  establishment  of  a Rat  furnace  temperature  pro- 
file with  ampoule  tip  cooling  as  a successful  method  for  promoting  single-crystal  growth.  A more 
detailed  analysis  of  this  method  is  presented  in  Section  IV. 


The  ampoule  tip  cooling  experiments  were  started  with  BSG-15  and  continued  through  BSG-19 
using  quartz  crucibles.  It  is  easier  to  modify  the  heat  flow  pattern  in  a quartz  crucible  than  in  a 
gra[)hite  crucible.  This  series  of  growth  runs  clearly  demonstrated  the  presence  of  a convex 
growth  interface.  As  growth  proceeded,  the  ingot  became  increasingly  single  crystal. 

^ AFML-TR-79  Report,  “Advanced  Development  on  GaP  materials 
for  SaU-llite  Attitude  Sensors,”  Contract  F3361 5-75-C-5244. 

^Growth  runs  BSG  19-21  were  funded  by  Honeywell. 
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SUMMARY  OF  GaP  BSG  CRYSTAL  GROWTH  RUNS 
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HSri-20  and  succeodiiiK  t^rowlh  runs  art-  summarized  in  Talile  2. 

Kun  BS('i-2()  was  the  seeond  attempt  to  use  the  uraphite  erueihle  with  ampoule  tip  coolinf-.  'I'he 
first  attempt,  HSG-l  t,  failed  beeaust-  of  inadequate  thermal  eonduetanee  hi-tween  the  eoolt-d  ti|) 
of  the  ampoule  and  the  growth  column.  BSG-20  used  the  modified  ampoule  tip  and  erueihle  bottom 
eonfifturation  shown  in  Figure  3.  <111>  oriented  and  lapped  and  polished  Czoehralski  seed  crystal 

was  ust-d.  DurintJ  the  run,  the  collar  which  confines  the  cooling  gas  to  the  tip  of  the  ampoule  broke. 
This  resulted  in  a very  polycrystalline  growth. 

Run  BSG-21  was  essentially  a repeat  of  BS(5-20  with  an  improved  cooling  tip  collar  and  with  the 
cone-shaped  ba.s(-  of  the  graphite  crucible  liored  out  to  0.5  in.  from  the  original  0.020  in.  This  re- 
sults in  a much  larger  seed  area  under  the  growth  solution.  The  results  were  excellent.  A single- 
crystal growth  occurred  over  the  entire  area  of  the  seed  crystal,  and  the  growth  inti-rface  is  convex 
upward.  .\s  tiiscus.sed  later  in  this  section,  Hall  measurements  showed  BSG-21  to  be  p-type. 

Ftun  B.SG-22  was  the  .same  as  BSG-21  except  that  IM.A.NCO  polydense  ingot  GaP  was  u.sed  instead 
of  Monsanto  polyporous  chunk  and  the  growth  time  was  doubled.  The  purpose  of  the  i-xperiment 
was  to  see  if  the  starting  material  was  responsible  for  the  p-type  doping  found  in  BSG-21.  .Al- 
though a disrupted  cooling  tip  flow  may  have  been  responsible  for  the  development  of  a lopsided 
growth  interface  (at  least  late  in  the  run),  a 1-cm-tliameter  single  crystal  was  achieveii.  Wafers  cut 
from  the  crystal  are  shown  in  Figure  13.  Klectrical  measurements,  discussed  later  in  this  section, 
showed  BSG-22  also  to  be  p-tyjie,  thus  giving  no  evidence  of  the  role  of  the  starting  material  in 
the  p-ty|)e  doping. 

.Since  the  p-type  dopant  has  been  identified  as  i-.-mbon,  we  have  turned  our  attention  lo  other 
possible  sources.  The  graphite  crucible  might  be  suspect.  It  has  been  shown*^^  however,  that  the 
us<-  of  Poco  graphite  in  contact  with  a Ga-GaAs  solution  leads  to  I'arbon  contamination  of  no  more 
than  10^  *cm'^. 

Two  other  more  likely  possibilities  were  found.  In  all  previous  runs,  the  gra|)hite  crucible  had  been 
cleaned  in  solvi-nts  and  had  not  been  bakc-d  out  at  greater  than  500”C  prior  to  loading;  500‘’C  is 


A.  Logan,  Bell  Telephone  Laboratories,  private  communication. 
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sit>nifu-anlly  Ih'Iow  tiu'  growth  tcmpi'iaUm'.  Rosulual  solvents  eoukl  be  responsible  for  the 
Ciirbon  duping.  Provisions  were  made  for  diseontiiniation  of  solvent  rinsing  and  f(jr  vaeunm  bake- 
out  at  llOO'-'C.  Another  possibility  is  baekstreamiiif’  of  oil  from  the  vacuum  system  that  has  been 
usc'd  for  evacuating  the  ampoules  prior  to  sc'al-off. 

Run  SSD-l  was  the  first  attempt  to  use  the  synthesis-solute-diffusion  (SSI))  growth  method. 

The  same  graphite  used  in  the  HSG  runs  was  u.sc'd  with  a c|uartz  ani|)oule  modified  to  hold  a t^uartz 
cup  for  the  (ihosphorus  sujiply  as  shown  in  f'igure  4.  The  (,'zoehralski  GaP  sc'ed  dissolved  in  the 
Ga  during  heatu|>  Ix'fore  the  phosphorus  vajior  source  could  saturate  the  Ga.  It  was  clear  that  GaP 
had  to  be  dispersed  in  the  tla  in  order  to  i>revent  the  seed  from  dissolving.  This  starting  GaP  will 
have  to  be  i)re()iu-ed  from  an  unseeded  SSD  run  if  the  purity  of  the  total  jirocess  is  to  be  held  at  the 
highest  level. 

.\s  a result  of  the  seed  dissolving  in  SSD-l,  the  growth  was  polycrystalline,  but  the  growth  interface 
was  convex  upward.  Therefore,  the  growth  was  less  polycrystalline  at  the  top  than  at  the  beginning 
of  nucleation.  Single-crystal  [lieces  sufficiently  large  to  irermit  Hall  evaluation  were  cut  from  the 
growth. 


Since  the  .seed  dissolved,  any  impurities  in  the  Czochralski  set'd  would  have  been  carried  into  solu- 
tion and  regrown  into  the  crystal.  Thus,  evaluation  of  the  crystal  impurity  concentration  due  to 
the  SSI)  process  was  somewhat  ambiguous. 


Run  SSD-2  was  designed  to  eliminate  this  ambiguity  by  eliminating  the  .seed  crystal.  While  a [loly- 
crystalline  growth  was  anticipated  as  a rc'sult  of  not  using  a seed,  SSD-l  showed  that  large  enough 
crystals  would  probably  be  available  for  Hall  evaluation.  The  tip  cooling  air  su(>ply  was  disrupted 
during  this  17-day  run,  resulting  in  a very  polycrystalline  growth  ovc>r  about  half  of  the  volume  of 
the  crystal.  However,  since  the  cooling  tip  air  supply  was  restored  before  the  end  of  the  run,  the 
growth  interface  was  convc'x  u))ward  and  the  size'  of  the  crystals  was  increasing  toward  the  top  of 
the  growth.  Single  crystals  were  cut  from  SSD-2  of  sufficient  size  for  Hall  evaluation. 

TTie  Hall  measurements  showed  the  material  from  S.SD-2  to  be  p-type  at~  lO^^cm"'^  with  an 
activation  energy  suggesting  carbon  as  the  primary  acceptor.  The  most  likely  source  of  the  carbon 
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was  thi>  oi\  ilil'fusion  vacuum  system  uscil  to  evacualo  the  ampoules  prior  to  seal-off.  An  evapor- 
lon  vacuum  system  was  constructed  to  replace  the  oil  diffusion  system,  hut  was  not  ready  to  he 
u.sed  until  SSIJ-1. 

Itun  SSD-3  used  both  a .seed  crystal  and  a Gal'  charfie  to  prevent  dis.solution  of  the  seed  as  had 
occurreil  in  SSD-1.  The  Gal'  charfte  was  principally  undoped  Czochralski  ingot  with  about  1% 
suifur-<loped  t’zochralski  Gal'  added.  The  growth  run  was  very  successful  in  terms  of  ingot  siz»> 
and  crystallinity.  The  seed  crystal  did  not  dissolve  and,  as  a result,  a single  crystal  ingot  1.2  cm 
diameter  x 1 cm  long  was  grown.  .At  tlie  end  of  the  1 cm  length,  the  growth  became  polycrystalline, 
indicating  a possible  limit  to  the  extent  of  the  convex  isotherms  in  the  Ga  melt.  Mall  analysis  showed 
the  material  to  be  p-type  at^6.6  x f with  a 0.010  eV  activation  energy,  again  suggesting 

carbon  as  the  residual  acceptor  impurity. 

Hun  SSD- 1 was  the  first  growth  run  to  use  the  evaiior-ion  vacuum  system  for  evacuation  prior  to 
ampoule  seal-off.  Also,  the  graphite  crucible  was  given  a double  1150”C  vacuum  bake-out  in  its 
quartz  ampoule  prior  to  loading.  No  seed  or  charge  GaP  was  used  since  the  purpose  of  the  run  (and 
that  of  SSD-5  which  followed)  was  to  assess  the  purity  limits  of  the  growth  apjiaratus  with  as  few 
possible  sources  of  carbon  contamination  as  possible.  Since  no  seed  crystal  was  used,  the  growth 
was  polycrystalline,  but  single  crystals  of  sufficient  size  for  Hall  evaluation  were  cut  from  the  ingot. 
The  material  was  again  p-type. 


.Although  the  graphite  cannot  directly  introduce  carbon  into  the  melt,  any  residual  oxygen  or 
water  vapor  in  the  ampoule  will  react  with  the  grajihite  to  give  CO,  which  can  dissolve  m the  melt 
and  dope  the  GaP  crystal  with  carbon.  Since  other  sources  of  carbon  had  been  eliminated  in  SSD-4, 
SSD-.'j  wa.s  designed  to  u.se  a ()uartz  crucible  instead  of  graphite.  Since  the  graphite  crucible  should 
be  retained,  the  more  desirable  course  would  be  to  eliminate  the  source  of  water  vanor  or  oxygen. 
However,  in  order  to  test  the  hypothesis,  it  was  much  easier  to  replace  the  graphite  crucible.  Other 
growth  parameters  for  SSl)-5  were  held  the  same  as  SSD-l.  The  results  substantiated  the  hypothesis; 
the  material  was  n-type. 

A comparison  with  earlier  BSG  runs  which  u.sed  quartz  ampoules  and  jx*rsistently  gave  p-ty|M- 
material  is  approjiriale.  The  ampoules  for  those  runs  were  all  evacuated  with  an  oil  diffusion 
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vac'iiuni  system  which  we  ttohcvc  was  also  a scjurcc  of  carbon  contamination.  It  is  clear  that  in  order 
to  use  a tjraphite  i rucihle  and  avoid  carbon  doping,  one  must  eliminate  oxygen  and  water  va[)or  as 
well  as  prcvi'iU  hydrf)carbon  contamination  m the  growth  amjioulc. 

The  BSCi  and  SSI)  runs  have  shown  that  wo  have  developed  a growth  proc(>ss  that  can  provide 
single-crystal,  solution-grown  Gal’  with  substantially  larger  crystal  size  than  the  random  nucleation 
method.  The.se  crystals  are  large  enough  for  M’K  substrates. 


B.  LIQl'lD  m.\SK  KPITAXI.\L  GROWTH 

A seri(‘s  of  Gu-doped  M’K  common-source  substrate  growth  runs  was  carrii'd  out  at  the  beginning 
of  the  program  to  demonstrate,  w ith  a minimum  of  effort,  that  GaB  could  be  doped  with  Cu  via 
Ll’K.  These  experiments  were  successful  in  that  cornpen.sated  photosensitive  GaP  was  grown;  how- 
ever, as  expected,  the  grown  surfaces  w<>re  irregular  with  many  growth  steps  and  steep  ridges 
‘'1  mm  high  at  the  edge.  The  tec-hnique  w'as  dropped  in  favor  of  the  slider  LPE  technique.  'Fhe 
slidf'r  shown  in  Figure  fi  was  list'd  for  runs  LPK-1  through  LPFi-9.  It  jiroduced  layers  3 mm  x 8 mm 
on  slightly  largt'r  substrates. 

Runs  TPK  l through  TPK-!)  aie  summarized  m Table  3.  During  the  course  of  these  runs,  several 
design  improvements  vtere  incorporated  in  a new  slider,  previously  described  and  shown  in  F'ig- 
ure  7.  This  slider  (.Number  3)  can  grow  larger  areas  (1.7  mm  x 12.7  mm)  aivl  has  a hole  in  the  base 
for  introducing  cooling  gas.  .Although  the  I.PE  growth  cycle  uses  a cool-down  to  [)rcci|)ita  GaP 
from  solution,  it  is  generally  believed  that  it  is  necessary  to  maintain  the  substrate  som.ewhat  cooler 
than  the  melt  to  prevent  dendritic  growth  which  can  result  from  constitutional  su|>er  cooling.  The 
bPK  growth  runs  performi'd  with  slider  mechanism  3 are  listed  in  Table  4. 

bPE-10  was  the  first  run  with  the  new  slider  mechanism  3.  Both  doix'd  and  undoped  growth  charges 
were  prepared.  Undoped  source  material,  Monsanto  poly|)orous  chunk,  was  u.sed  for  the  first  time 
for  all  layers  except  LPE-10-65.  With  the  new  stainless  steel  .safety  tube  encasing  the  alumina 
growth  tube,  1007;  palladium-iliffused  hydrogen  was  used  as  the  growth  ambient.  The  slider  base 
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SUMMARY  OF  U'E  GROWTH  RUN'S  - Slider  No. 
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TABLE  4. 
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coulint;  system  was  not  operative  during  this  run.  The  grown  layers  were  found  to  lie  too  thick  to 
move  the  slider  after  the  designed  growth  temperature  cool-down.  Hence,  the  substrates  remained 
under  the  growth  columns  during  the  entire  cool-down  which  resulted  in  very  thick  layers  (-vlOO 
Aim). 

For  run  Ll’K-1 1,  the  substrates  were  lapped  to  give  approximately  0.002  in.  clearance  after  growth. 
The  slider  movetl  with  ease  and  wiped  all  of  the  Ga  from  three  of  the  five  grown  layers  and  approxi 
mately  90'A  of  the  Ga  from  the  remaining  two  layers.  This  growth  run  used  the  slider  base  cooling, 
with  the  flow  rate  such  that  the  temperature  drop  in  the  base  cooling  hole  was  0.8®C.  The  growth 
temperature  interval  was  moved  to  a substantially  higher  temperature  (1049°Cj  for  this  run  (see 
Table  4).  This  temperature  increase  was  based  on  increasing  evidence,  from  both  the  BSG  and  LPK 
growth  experiments,  that  close  compensation  of  GaP  is  not  achieved  for  temperatures  less  than 
lOOO^^r.  In  these  experiments,  4-8  mole  % of  Cu  was  added  to  the  growth  charge.  Photographs  of 
two  of  the  five  layers  are  shown  in  Figure  14. 

Loss  of  temfx*rature  control  resulted  in  dissolving  the  substrates  during  LPE-12;  hence,  no  growth 
was  achieved.  LPE-13  was  similar  to  LPE-12,  but  the  temperature  cycle  went  as  planned,  and  the 
layers  came  out  with  a cleaner  Ga  wipe-off  than  any  previous  run.  The  layers  appeared  very  smooth 
to  the  eye,  as  shown  in  Figure  15,  and  surface  topography  measurements  confirmed  surface  rough- 
ness to  be  less  than  0.2  nm  over  large  (»-0.5  cm)  distances.  However,  variations  in  layer  thickness 
were  found  to  be  as  much  as  20  pm  over  distances  of  a few  mm.  These  measurements  also  gave 
evidence  of  substrate  meltback  even  though  a surplus  of  GaP  starting  material  had  been  used.  Thi.s 
run  did  provide  Cu-doped  layers  which  were  used  in  photoconductor  evaluation  and  are  described 
later  in  this  section. 

Because'  of  the  meltback  evidence  that  was  .seen  in  LPE-13,  LPE-14  was  designed  . "’etennine 
whether  meltback  was  occurring  due  to  subsaturation  of  the  melt  at  the  initiation  of  the  growth. 
The  growth  cycle  was  performed  as  usual,  except  the  cool-down  was  eliminated  while  the  growth 
column  was  over  the  substrate.  The  growth  column  was  left  over  the  substrate  for  only  11  minutes. 
Meltback  of  the  substrate  was  clearly  observed.  To  solve  this  problem,  a pre-growth  cool-down  of 
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w;is  added  to  the  ttrowth  cycle  followinti  the  usual  4 -hour  soak  at  the  highest  temperature  of 
the  cycle.  Note  in  Table  4 that  hefjinniiif;  with  Id’K-15,  all  ttrowth  runs  used  this  pre-growth  cool- 
down. 

LPE-15  demonstrateti  the  success  of  this  modification;  no  evidence  of  meltback  was  observed.  How- 
ever, the  variation  of  surface  height  along  the  length  of  the  LI’E  layer  remained.  Since  the  length 
(0.75  in.)  of  the  substrate  is  perfX'iidicular  to  the  length  of  the  cooling  gas  hole  (diameter  = 0.375  in.), 
uneven  cooling  across  the  growth  interface  was  suspected.  To  reduce  temperature  variations  over 
the  areas  of  the  substrate,  a cavity  was  machined  in  the  top  surface  of  the  slider  base  as  shown  in 
Figure  16.  This  cavity  is  filled  with  liquid  Ga  when  the  slider  is  assembled.  Because  Ga  has  a higher 
thermal  conductivity  than  graphite  and  the  ability  to  mix  by  convection,  a temperature  leveling 
contact  is  made  to  the  bottom  of  the  substrate  slider.  This  maintained  the  substrate  at  a more 
uniform  temperature  than  before. 

G.iP  SUBSTRATE  GROWTH  COLUMN 


Figure  16.  (Tos.s-section  of  modifitnl  Ll’K  slider  mechanism  3. 
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lJ’E-16  (thrcf  .substrates,  all  urnioped  tjrowth  charttes)  incorporatctl  the.sc  modifications.  LPH-16 
layers  were  much  flatter  over  larger  distances  than  layers  from  any  previous  run.  Fioth  smoothne.ss 
and  flatness  a()pear  to  he  acceptable. 
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No  tjrowth  char^'e  was  us(>d  in  the  bin  for  substrate  88.  The  purpose  was  to  reveal  the  amount  of 
substrate  surface  deterioration  which  occurs  in  the  environment  of  the  1..PE  system.  A fair  amount 
of  surface  pittinfi  was  .seen  such  as  minht  occur  if  traces  of  water  vapor  were  present.  Later  evidence 
of  persistent  p-tyi)e  conductivity  (I. PE-19,  I>PP1-21  and  LPE-22),  which  could  result  from  inter- 
action of  oxygen  or  water  vaiior  with  the  graiihite  slider  to  incorporate  carbon  into  the  growth 
charge,  resulted  in  several  growth  process  modifications.  These  modifications,  included  storage  of 
the  slider  in  a dry  atmosphere  helween  runs,  minimum  exposure  of  the  slider  to  the  atmosphere 
and  pre-growth  bake-out  of  the  slider  at  ,50"C  above  the  growth  temperature. 

IT’E-17  was  an  utuloped  run  using  just  two  substrates.  It  used  a low-temperature  slider  bake-out  for 
the  first  time.  C-V  measurements  showed  the  layers  to  he  n-tyjie  at  2x10  cm  . A large  featureless 
area  of  the  surfaie  of  LPE17-9;i  as  .seen  with  Nomarski  interfenmce  microscofiy  is  shown  in  Fig- 
ure 17.  .Note  the  higher  concentration  of  growth  stej)s  in  the  vic-inity  of  a surface  defect. 

I.PE-18  was  very  similar  to  LPE-17  excejit  that  both  layers  were  Cu  doped.  These  layers  showed 
very  high  jihotoconductive  gain. 

LPE  19  was  also  similar  to  LPE-17.  However,  the  substrate  cooling  did  not  function  properly.  -All 
the  layers  were  p-type.  \ (lossihle  cause  of  the  i>-tyi>e  doping  will  be  discussed  in  the  description 
of  I.PE-21  and  LPE-22. 

LPE-20  used  new  sulistrate  and  source  mat<  rial.  An  undoiied  Czochralski  ingot  from  I.M.WC'O 
(numlwr  .'})  provided  the  substrates  and  jiolycrystalline  dense  ingot  tlaP,  also  from  IM.ANt'O,  was 
used  for  source  material.  .Ml  of  these  Cu-tloped  layers  turned  out  n-type.  However,  Hall  analysis 
of  the  substrate  wafers  showed  them  to  be  (.juitc  nonuniform,  including  many  regions  of  p-type 
conductivity.  I’roblems  were  also  exjierienced  in  the  use  of  the  usual  (lotassium  ferricyanide  etch, 
and  a bromine  etch  was  used  in.stead.  Mo.st  of  the  material  was  returned  to  the  supjilier  for  rejilace- 
ment. 
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I.PK-21  returned  to  the  use  of  a (’<toeliral.ski  (iai’  .sut)strate  mati'rial  which  was  previously  purehasc'd 
from  IMANf’O  and  labeled  number  2.  LI’K-22  us«  d both  IMANCO  2 and  IM  \N('()  2 for  substrates. 
The  two  laye  - of  I.I’K-21  Wfre  Cu  do|)ed,  the  six  layers  of  l.l’K  22  were  all  undopeil  Hoth  runs 
yit'lded  all  p-type  layers,  whuh  reduced  suspicion  of  the  source  anil  sulistrate  tnai-  r.ats  as  the  cau.se 
of  the  increasinti  number  of  layers  exhibiliin;  |)-ty|M-  behavior  since  Ijv;  lit  .\fii  r 1,1’K  22.  a leak  in 
the  ^'rowth  apparatus  was  discovered  between  the  alumina  furnace  tube  and  the  stainless  steel  end 
flanne.  This  seal  was  made  w ith  room-temperat  ure-r  urmu  Si  rubber.  Tlw  seal  failed  partly  because  of 
excess  temix*rature  of  the  flaiu’e  and  partly  due  to  a poor  bond  to  the  stainless  steel.  Decomposini' 

,Si  rubber  will  evolvi-  methyl  ttroups  and  could  be  at  least  partly  responsible  for  the  carbon  dopinu 
and  conseiiuent  p-type  conduetivity  seen  m later  bPK  runs.  The  other  aspect  of  the  seal  failure  that 
could  h.ive  contributed  to  carbon  dopinn  involves  the  interaction  of  water  vapor  with  the  graphite 
slider  that  was  previously  discussed. 

.After  IJ’K-22.  the  flange  was  redesigned  with  water  cooling;  to  keep  its  temperature  le.ss  than  o()‘'C. 

LrK-22  was  a five-substrate  growth  run  with  two  layers  undoped  and  three  layers  dojied  by  adding 
2,1  and  H mole  ' > Cu  to  the  respi'clive  growth  charges.  In  addition, '>-^20  mgm  of  Czochralski  (laP 
sulfur-doped  to-'^l  in  ‘"ctn'  n-tyiM‘  was  added  to  the  growth  chargi".  The  purpose  of  adding  the 
S-doped  Gap  charge  material  was  to  attempt  to  control  the  ii-type  doping  of  the  LPK  in  order  to 
obtain  more  consistent  results  from  the  Cu  counter  doping. 

All  five  layers  turned  out  n-typi-  and  the  Cu-doped  layers  exhibited  excellent  photoproperties 
which  are  discussed  in  detail  later  in  this  section. 


LPK-2 1 was  essentially  a repeat  of  LPK-23  with  less  ,S-doped  GaP  charge  material  added.  The  pur- 
po.se  was  to  achieve  higher  resistivity  than  measured  on  LPhT2.3  layers.  LPK-2  1 wa'-  also  the  first 
run  to  use  several  modifications  in  the  growth  procedure  designed  to  improve  purity  including  a 
double  llOO'^C  slider  bake-out  in  M2,  storage  of  the  slider  in  a H9  atmosphere  between  runs  and  a 
rerluced  time  of  exposure  to  the  atmosphere  during  loading  (13  min.  in  this  ca.se).  These  layers  had 
excellent  growth  morphology.  Surface  topography  measurements  showed  variations  in  surface 
height  as  little  as  1 pm  over  a distance  of  1 .2  cm.  as  shown  in  Figtire  18  for  LPK  24-1 18,  the  nxluc- 
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tioii  m the  amount  of  S-<lo|>c(i  (JaT  chartiu  material  resulted  in  tlie  |)lanned  increase  in  resistivity.  It 
was  U|i  about  a factor  of  10'^  over  the  resistivity  of  lA'K-23. 

The  photoconductive  ^ain  was  lower  in  the  layers  from  LPK-21  than  in  similarly  doped  layers  from 
ld’lv2.'T  indicating;  that  le.ss  (’u  becomes  electrically  active  when  the  donor  density  is  n'duced.  This 
suggests  that  the  amount  of  t'u  which  is  incoriiorated  in  the  Gap  depends  on  other  impurities  which 
are  present  in  the  melt. 

LIT’.-2h  was  also  six  layers,  two  were  undopi'd  and  four  were  grown  from  charges  containing  2.0  to 
8.0  mole  % fu,  respectively.  No  sulfur  dopant  w'ds  added  to  th(>  charge  in  order  to  better  a.sse.ss  the 
reduction  in  the  carbon  contamination  problem  resulting  from  the  new  end  flange  .seal  that  was 
installed  prior  to  TPK-23. 

The  growth  cycle  for  LPK-25  was  modified  to  extend  the  grow'th  temperature  interval  from 
5 to  1 in  order  to  prcnluco  a layer  three  times  as  thick  as  previous  runs,  dire  cool-down  rate  was 
also  increasi'd  from  2.5‘^'C'hr  to  (i.7°C/hr  so  that  growth  time  would  be  only  slightly  incrc'ased. 
During  the  run,  the  slider  sup|)ort  tube  broke,  making  it  imi)ossihle  to  slide  the  growth  columns  off 
the  substrates.  Growth  therefore  continued  during  the  entire  furnace  cool-down.  .\s  a result,  the 
layers  were  1 25  pm  thick,  making  it  very  difficult  to  remove  the  substrate  holder  from  the  slider, 
Their  appearance  is  surprisingly  good,  but  they  do  have  much  deeper  growth  steps  than  in  the 
thinner  layers  which  we  usually  grow.  The  layers  showed  n-type  conductivity  (as  did  all  layers 
TPK-2,3  through  bPK-29),  demonstrating  that  the  new  end  flange  seal  eliminated  a major  .source  of 
carbon  contamination. 

Another  support  tube  failure  during  TPIv26  again  prevented  termination  of  growth  and  resulted  in 
very  thick  layers  since  growth  continued  through  the  entire  cool-down. 

Runs  M’K-27  through  LPK-29  ex|>lore{|  a variation  of  our  LPE  technique  which  uses  a precursor 
sulistrate  to  I'ornplete  saturation  of  the  growth  charge.  In  this  variation,  a growth  charge  is  placed 
in  every  other  bin,  and  substrate  slots  hold  alterately  a growth  substrate  and  a precursor  substrate. 

In  this  ti>ctinique,  the  melt  is  initially  slightly  undersaturated.  After  the  apparatus  is  brought  u))  to 


t('m|H>ratur(‘,  tlio  melt  is  moved  over  a (JaP  precursor  substrate  which  (lartially  dissolves  and 
saturates  the  melt.  The  melt  is  then  brought  over  the  LPK  substrate  for  ftrowth.  The  use  of  a pre- 
cursor IS  intended  to  insure  that  eiiuilibrium  conditions  exist  at  the  f^rowth  interface  and  hence 
yield  better  ftrowth  morpholotty  and  thickness  control.  In  this  run,  substrate  cooling  was  eliminated. 
The  IT’K-27  layers  exhibited  a very  poor  surface  morphology. 

I.PK-28  was  a duplicate  of  LPK-27.  A I'areful  examination  of  the  substrates  after  the  final  pota.ssium 
ferricyanide  free  etch  revi'aled  a pattern  of  grooves  similar  to  that  seen  in  the  grown  layers  of  LPE- 

27,  although  on  a much  smaller  scale  of  depth  and  width.  The  substrates  w(‘re  then  repolished  with 
bromine  methanol,  w hich  removed  nearly  all  of  surface  features  w'hich  appeared  after  the  potassium 
ferricyanide  etch.  I'he  layers  grown  in  LPE-28  were  very  similar  to  those  of  Ll’E-27;  a high  density 
of  groo'.es  2 to  20  pm  di'ep  with  some  extending  all  the  way  to  the  substrate.  Since  the  growth 

c ycle  IS  significantly  differi'iit.  it  cannot  be  ruled  out  as  the  cause  of  the  degraded  surfaces,  but  also 
suspect  IS  the  substrate  material  which  is  from  a new  IMANCO  boule  for  runs  LPE-27  and  LPE-28. 
Subsecpient  etching  experiments  on  samples  of  previously  used  IMANCO  boule  2 and  on  the  new 
I.MANCO  bouie  I OaP  conclusively  establish  that  boule  1 Decomes  very  rough  and  grooved  while 
boule  2 gets  smoother  in  the  same  potassium  ferricyanide  etch. 

•Another  possible  explanation  of  the  poor  surface  morphology  in  spite  of  the  modifications  which 
should  have  improved  the  growth  is  the  absence  of  the  substrate  cooling.  Substrate  cooling,  which 
[iroduces  a temperature  difference  acro.ss  the  growdh  interfaci',  may  be  of  crucial  importance  in 
obtaining  smooth  LPE  layers  in  our  apparatus. 

Id'E-29  also  u.sed  the  precursor  ti'chnique.  Both  lMAN('()-2  and  IMANC'O-4  substrates  were  used  in 
order  to  test  one  of  the  explanations  of  the  poor  LPE  surface  morphology  suggested  above.  Al- 
though the  surfaces  on  the  IMAiN'(’()-2  substrates  were  slightly  better  than  those  in  LPE-27  or  LPE- 

28,  the  explanation  seems  to  be  other  than  in  the  properties  of  the  substrate.  VVe  believe  the  sub- 
strate cooling  is  the  most  likely  factor  and  should  be  restored  in  all  future  LPE  growth  runs  either 
with  or  w ithout  the  precursor  tei-hni<iue. 
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C.  MATKHIAl,  F-:VAU  ATK)\ 


I'his  siibstM  tion  summarizes  Hie  results  of  our  material  evaluation  experiments.  The  objectives  of 
the  material  evaluation  iirojtram  are  twofold  (1 ) to  characterize  the  material  parameters  which  are 
importani  to  the  photodetecl ion  properties  of  the  material  and  where  possible  correlate  these  with 
the  f^rowth  parameters,  and  (2)  to  Kam  an  improvt‘d  understandinfi  of  the  basic  mechanisms  which 
determine  the  photoconductive  and  transport  projierties  of  Gal*. 

The  materia!  presented  is  discussed  under  the  following  subheadings: 

• Photoconductivity 

• Transport  measurements 

• Infrared  absorption 

• Capacitance  .spectroscopy 

In  pri'vious  pulilications^ ^ we  have  discussed  these  technicpies  and  their  application  to  the 
study  of  (laP  In  the  following  paragraphs,  we  present  the  principal  results  obtained  during  the 
present  program.  A disi'ussion  of  these  results  is  given  in  the  next  section. 


1.  Photoconductivity 

The  iirincipal  objective  of  this  program  was  to  define  a growth  technique  which  could  be  used  to 
grow  large-area  photosensitive  crystals  of  (laP.  Karlier  Honeywell  work^^’  had  demonstrated 
i that  GaIbCu,  grown  by  the  so-called  random  nucleation  solution  growth  techni(|ue,  had  very 



' .\FMI--'rK-7t)  7!)  Heport,  “.Advanced  Develoimient  on  (laP  .Materials  for  Satellite  .Attitude 
Sensors,”  Contract  Flldfil 0-75-C-5211 . 

R.  Cm.  .Schulze  and  P F.  Petersen,  J.  .Ap|)l.  Phys.  ,').107  (1974). 

P,  F,.  Petersen  and  R.  C.  Schulze,  United  States  Patent  No.  3,976,872,  Gallium  Phosphide  Photo- 
detector Having  an  .As-Grown  Surface  and  Producing  an  Outinit  from  Radiation  having  F.nergies 
of  2.2  to  ;i.8  eV. 
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(it'sirat)k'  photopropcrtii's.  I’his  U'chnicpu'  was  viTy  useful  for  cslalrlishint'  technical  f(‘asihility , It 
was  not,  however,  i-apahle  of  provRiiuf>  the  lar^e  single-crystal  as-^jrown  surfaces  which  are  desired 
for  device  fabrication. 

This  (tiu"!  of  the  invest iKid ion  was  intended  to  study  the  pholoproperties  of  (!al’:('u  ^jrcrvvn  hy 
licpiid  |)hase  epitaxy  (Id’K)  in  ordc-r  to  delermine  the  potential  of  I.I’K  for  the  firowth  of  sensitized 
dal’  material. 

Our  past  experience  with  hulk  solution  ^fowth  has  showm  that  as-jjrcnvn  dal’  surfaces  have*  a siftni- 
ficantly  lower  surface  recombination  velocity  than  do  la|)ped  and  |)olished  surfac'es.  Ccjiisequently, 
we  are  most  interested  in  the  photoproix'ities  of  as-^frown  Ll’K  surfaces.  Therefore,  the  LF’E  samples 
for  photoconductivity  studic's  are  not  mi’chanically  or  chemically  polished  in  any  way.  The  only 
prepiiration  prior  to  contacting  is  an  organic  .solvent  rinse  followed  by  a series  of  deionized  water 
rinses.  The  ohmic  contact  on  n-type  samt>les  is  made  hy  evaporating  750  A of  Ag:l%  Te  followed 
by  550  A of  \i  and  heat  treating  at  ()80‘’C'  for  10  minutes.  The  dark  and  photo  l-V  characteristics 
were  linear  for  fields  up  to  10  K'/cm  for  the  samples  used  in  the  (ihotomeasurements.  This  indi- 
cates that  the  current  transport  in  these  .samples  is  not  limited  by  minority  carrier  sweep-out,  space 
charge  limited  currents  or  contact  effects. 

The  sharp  distinction  in  the  sha|)e  of  the  spectral  response  curve  for  an  as-grown  and  “treated” 
dal’  surface  is  shown  in  Figure  19.  Sample  LI’F-20-100  has  an  as-grown  untreated  surface  and  ex- 
hibits a very  broad  spectral  response  curve.  Ll’Ivl8-95  had  been  etched  in  llCH  acid  to  dissolve 
some  free  da  droplets  which  were  left  on  the  surface  after  growth,  IICI  is  not  an  etchant  for  Gal’; 
nevertheless,  it  clearly  destroys  th(>  photoresponse  for  photon  energies  > 2.8  eV.  In  solution- 
grown  dal’iCu  .samples,  we  have  measunxl  the  spectral  resiionse  on  an  as-grown  surface,  and  then 
polished  the  surface  and  remeasuri'd  the  spectral  response.  The  results  for  the  as-grown  and  treated 
surface  were  similar  to  tho.se  shown  in  Figure  19. 

Three  important  characteristics  for  a photoconductor  are  (1 ) di'jiendence  of  the  photoeonductive 
gain  on  the  photon  energy,  (2)  dependence  of  the  photocoiuluctiv**  gain  on  the  photon  flux  intensity. 


PHOTON tNLRGY  (V' 


I LI’K  (lalNCu  samples.  IJ'P>20-100  ha.s  an  as-grown  surfaee; 
T eU'h. 


and  (3)  tlic  response  time.  Finuri's  20  - 22  show  these  tharaelerislics  for  .sample  LPE-11-69,  which 
is  a Cu-doped  sample  tliat  was  firown  midway  through  the  pro^'ram.  The  contacts  for  this  sample 
were  m the  so-called  slit  confitjuration  with  a spacing  of  0.002  cm.  The  electric  field  impres.sed  on 
the  sample  w;ls/-^2x10^  \'/i’m.  ’Hie  field  and  cons(‘quently  the  gain  could  he  increased  by  about 
a factor  of  10.  However,  to  eliminate  the  potential  for  breakdown,  we  generally  keep  the  fields  in 
th('  mid  It)'^  range. 

Not<‘  that,  for  this  sample,  the  spectral  responsi'  curve  shown  in  Figure  20  e.xhibits  a soft  edge 
around  2.2  eV,  peaks  near  2.7  oV  and  has  a relatively  slow  decline  for  photon  energies  above  2.8 
eV.  I'he  photogain/photon  flu.x  intensity  characteristic  ( Figure  21 ) is  nearly  linear  for  a photon 
flu.x  le.ss  than  5 .\  10  cm'“.sec  , but  is  sublinear  for  higher  values  of  the  iihoton  flux.  The  fre- 
((uency  response  curve  shown  in  Figure  22  does  not  exhiliit  a simple  time  constant  characteristic. 
For  the  sake  of  comparison,  the  fret|uency  resixmse  for  a single  time  constant  of  4 x 10'^  sec 
is  shown. 

Samples  which  were  grown  in  earlier  programs  by  the  random  nucleation  solution  (RNS)  growth 
process  lacked  good  spatial  uniformity.  .\n  impetus  for  this  program  was  that  we  believed  the  LPE 
growth  process  would  yield  crystals  which  were  more  uniform.  Figure  23  shows  the  spatial  uni- 
formity for  three  slits  on  Ll’E-1 1-69.  This  represents  a considerable  improvement  in  the  spatial 
uniformity  over  that  which  was  observed  with  the  KNS  process.  'I’he  dimensions  of  the  active  area 
for  the  .sam()les  in  Figure  23  were  slit  1 , 0.2  cm  x 0.002  cm;  slit  2,  0.21  cm  x 0.007  cm;  and  slit  3, 
0.08  X 0.002  cm.  All  of  lhe.se  data  were  taken  with  a 0.01  -cm-diameter  spot  of  2.7  eV  radiation 
with  an  intensity  of  5 x 10^''’  photons/cm^-.sec. 

While  the  M’E  (laI’;C,'u  samples  discus.sed  above  were  Cu  doped  ami  hence  sensitized,  they  were  not 
closely  compensated.  The  sample  resistance  was  ^ 1000  S2.  Hence,  all  of  the  above  measurements 
were  taken  in  the  a-c  mode  at  a low  frequency  (~1  5 II/.).  'Ilie  noise  current  of  the  sample  for 
which  data  is  plotted  in  I'igure  20  was  4.5  x 10’^  ^ amps. 
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Figure  20.  Photoconductive  gain  vs.  photon  energy  for  LPE-11-69  GaP'.Cu  photoconductor. 


Figure  21,  I’hotosignal  vs  photon  flux  intensity  at  2.7  eV  for  LPE-11-69  GaPiCu  photoconductor. 
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Figure  22.  Frequency  dependence  of  the  photosignal  of  LPK-11-69  GaP:Cu. 


F'ijfure  23.  Spatial  uniformity  of  the  photosignal  for  three  slits  on  LPE-11-69  GaP:Cu. 
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Ki^niri's  21  - 27  arc  a set  of  characteristic  curves  for  IJ'K-2.'i- 1 1 7.  As  (iiscussed  in  Section  III  B,  the 
layers  from  Ll’K-2.‘!  exhil)itc(l  a very  good  surlace  morphology.  ’I'he  layers  were  contacted  in  the 
slit  configuration  with  a slit  width  of  0.002  cm.  Ihe  el(“ctric  field  used  in  th<‘  im’asiirement  was 
~^2  \ 10'*  V'em.  I his  set  of  data  repre.sents  the  state  of  the  art  in  (hil’iCu  photoconductors. 

.Note  that  the  spi'ctral  response  (I'  lguri'  2 1 1 for  this  sample  extends  to  5.0  eV,  with  a photoconduc- 
tive  gam  at  5.0  eV  greater  than  1 x 10'*.  These  samples  have  greater  sensitivity  into  the  near  UV  than 
samples  from  previous  growth  runs.  This  sample  also  exhibits  a linear  to  sublinear  transition  in  the 
photogain  jrhoton  flux  intensity  charactenstie  (Figuri'  25).  'I'he  breakpoint  occurs  ne;u"  5 x 10^^ 
I)hoton.s/cm2..sec.  'I'he  frecpiency  response  is  shown  m Figure  20.  Note  that  at  100  Hz,  the  signal  is 
down  by  only  00'^.  't  he  spatial  uniformity  of  the  [ihotoconductors  fabricated  on  this  layer  was 
acceptable,  as  evidenced  by  the  data  in  Figure  27.  These  data  were  obtained  from  slits  about  3-mm 
long  and,  over  this  distaiu-e,  most  of  the  data  iioints  were  within  lOTf  of  the  average.  Although  the 
sensitivity  of  these  photoconductors  was  high,  they  were  not  neavily  compensatt'd.  The  resistance 
of  the  samples  was~100  il. 

In  the  last  growth  run  during  this  jirogram  (LPE-29),  we  experienced  difficulty  with  the  growth 
morphology,  as  discussetl  in  Section  III.  We  were  unable  to  put  slit  contacts  on  the  material,  so  we 
ohmically  contacted  the  samiile  by  alloying  in  small  dots  of  In:19fTe.  The  photoconductive  gain  as 
shown  in  Figure  28  was~2  x 10''’  at'^1 .5  x 10'*V/cm.  'Phis  is  the  most  sensitive  photoconductor 
we  have  fabricatixl  thus  far.  However,  as  will  be  discu.ssed  later,  sensitivity  this  high  degrades  the 
response  time.  Note  that  for  this  sample,  the  photosignal  also  remains  high  out  to  5 eV.  Figure  29 
shows  that  the  jihotoconductive  gain/photon  flux  characteristic  retains  the  same  linear/suhlinear 
shai)e  of  the  previous  samples.  The  break  occurs  near  10*^'“^  [ihotons/cm^-sec. 

Sensitized  photoconductivity  will  be  thermally  quenched  at  sufficiently  high  temperatures.  We 
measured  the  photosignal  in  l.l’K-29M2  at  90‘’r  and  eomiiared  it  with  the  signal  at  20«C.  The 
results  are  shown  in  Figure  30.  Note  that  the  signal  does  not  degrade,  hut  that  there  is  a substaiitial 
increa.se  in  Ihe  noise. 

It  is  also  possible  to  optically  quench  sensitized  phot«)conductivity  by  illumination  with  radiation 
whose  energy  is  sufficient  to  ext'ite  holes  out  of  the  sensitizing  centers.  Figure  31  shows  the  result 
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Figure  30.  I’hotosiKiial  of  1,1’K  20  1 12  a(  (a)  20‘’r  and  (lil  00‘*C.  Scales  are  the  same  for  both 
measurements. 


of  su'.'h  an  optical  qiu'tu'hint;  cxpcnmont . An  1,1’K  CialVCu  saniplo  is  illuminated  with  radiation  of 
ener(j\'  (ireater  than  the  handtjap  em>rfj\’.  At  the  same  time,  it  is  illuminated  with  less  than  handgap 
enerjiN’  photons  whose  ener^ty  is  varied  from  0.1  eV  iorj  1 .5  eV.  Note  that  the  cpienehing  effect  has 
an  edfje  near  0.05  eV  and  then  stays  nearly  constant  for  hi^'her  energy  photons. 

In  Figures  21, 25,  and  29,  we  plotted  the  relative  photosignal  for  three  LI’K  (laPiCu  samples.  F'or 
each  of  these  samples,  the  dependence  initially  was  linear,  with  a transition  to  sublinear  at  higher 
flu.x  intc'nsities.  Hach  of  these  samples  had  relatively  iow  (-^1000  £2)  resistance.  In  Figure  32,  we 
show  the  photosignal  photon  tlux  intensity  characU‘ristic  for  a high  resistance  MO^  £2)  GaP:  Cu 
sample.  Note  that  the  characti'ristie  is  decidedly  superlinear,  with  a hint  of  linear  dejiendence  at 
the  highest  flux  intensities.  Tlu>  significance  of  this  result  will  he  discussed  in  Section  IV. 

We  routinely  fabricated  Schottky  harriers  on  the  LPF,  layi-rs  m order  to  profile  the  carrier  concen- 
tration by  C-V  techniques.  As  we  reported  earlier,  these  diodes  are  photosensitive  out  to  5.5 
Figure  33  shows  the  relative  spectral  responsi'  of  a Schottky  harrier  diode  fabricated  on  an  undoped 
LPF  layer.  The  peak  quantum  efficiency  for  one  of  these  diodes  is  typicallywO.5. 

2.  Transport  Measurements 


Hall  and  n'sistivity  analyses  were  routinely  made  on  samples  from  each  KSG  growth  run  which 
yielded  crystals  large  enough  for  this  type  of  analysis.  Most  of  the  LPF  layers  were  grown  on  heavily 
doped  low-resistivity  substrates,  and  hence  it  was  not  possible  to  perform  Hall  analysis  on  these 
samples.  However,  a few  LPF  layers  weri'  grown  on  compensated  (('zochralski  substrates  8ind  meas- 
urements were  made  on  one  of  these  layers.  .All  of  the  Hall  and  resistivity  data  were  taken  using  the 
van  d(-r  Pauw  technique.  The  sam|iles  were  lapped  Hat  and  chemically  jiolished  in  a hot  potassium 
pF  ferricyanide  etch  [0.5  mole  £?  KOH,  1.5  mole  K;jFe  K'Nlq].  For  n-type  samples,  ohmic  contacts 

were  achieved  by  alloying  from  small  (leripherial  ln:l£?Te  dots  at  680'’C'.  For  p-type  samples  ln;l% 
Zn  dots  were  alloyed  at  420‘^r  to  form  the  ohmic  contacts. 


‘‘^'ITie  devi-lofiment  of  Schottky  barrier  GaP  photodetectors  is  currently  funded  by  Honeywell. 
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Figure  32.  Photosignal  vs  photon  flux  intensity  for  a high  resistivity 
(l,PK-18-95)  flaP.f’u  photoconductor. 
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response  of  a Schottky  barrier  photodiode  fabricated 


'Hit'  mati'rial  paramett'r.s  whicli  ficnenilly  art*  available  from  Hall  analysis  are  majority  carrier 
type  and  concentration,  majority  carrier  activation  energy  and  the  temperature  dependence  of  the 
resistivity  and  majority  carrier  mobility.  The  first  three  of  these  [larameters  were  of  the  most  inter- 
est to  us  in  evaluationg  the  material  from  these  early  growlh  runs.  Table  5 tabulates  these  jiarameters 
for  the  BSC.  growth  runs  which  were  conducted  during  the  first  half  of  this  jirogram  . 


Puring  the  secoml  half  of  the  program,  we  became  concerned  with  the  carbon  dojiing  of  the  SSD 
growths.  Consequently,  for  those  nins,  we  began  to  investigate  the  degree  of  compensation  and  the 
low  temperature  scattering  mechanisms  which  limit  the  mobility.  In  Table  6,  we  tabulate  the  Hall 
data  for  the  bulk  growth  nms  which  were  conducted  during  the  second  half  of  the  program. 


One  of  the  reasons  for  developing  the  BSO  growth  technique  was  to  obtain  larger,  more  uniform 
solution -grown  C.aF’  crystals  than  were  obtainable  from  the  random  nucleation  solution  growth 
process.  Hall  data  from  growth  run  BSC.-IO,  which,  as  discussed  earlier,  produced  large  single 
crystiUs,  demonstrate  the  uniformity  of  the  BS(1  material.  Two  Hall  sanijiles,  spaced  about  0.3  cm 
apart,  were  cut  from  a single  wafer.  The  carrier  c’oncentration  over  T^/^  versus  10^/T  is  plotted  in 
Figure  34  for  eai  h of  these  samples.  The  carrier  concentrations  at  each  temperature  for  these  two 
samples  are  within  ex|)erimental  error  of  being  e<iual  to  each  other. 

In  each  of  the  Hall  runs,  the  temperature  dejiendence  of  the  mobility  was  measured.  Figures  35  and 
36  iU’e  jilots  of  the  mobility  as  a function  of  temperature  for  two  n-type  BSG  samples.  Included  are 
straight  lines  showing  respectively  the  and  T"^/^  temperature  dependence  of  acoustic  phonon 

and  space  charge  scattering. 
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Figure  37  shows  the  temperature  dependence  of  the  mobility  for  three  p-type  BSG  samples.  The 
theoretical  curves  for  optical  jihonon  scattering  and  ionized  impurity  scattering  are  included. 

Because  of  the  persistence  of  carbon  as  an  acceptor  impurity  in  the  B.SG  and  SSD  growth  runs,  we 
carefully  examined  the  Hall  data  for  the  last  several  p-type, growth  runs.  Figure  38  is  a jilot  of 
P/t3'2  versus  T'^  for  BSG  1 — 4.  Note  that  there  is  a rather  well  defined  freeze-out  regime,  so  the 
activation  energy’  is  readily  obtained.  Figur*'  39  gives  the  temperature  deptmdence  of  the  Hall  co- 
efficient for  the  same  four  BSG  growth  runs.  The  significance  of  the  roll-over  in  the  Hall  curve 
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TABLK  5 


TABULATION  OF  HALL  DATA,  First  Half  of  Program 


BSC. 

Growth  Run 
Numhi'r 

Carrier  Type 

Room  Temperature 
Carrier  Concentration 
(cnV'M 

Principal 
Donor'Acceptor 
Knergy  (eV ) 

1 

Insufficient  material  for 
analysis 

... 

... 

: ^ 

Polycrystalline  material 

... 

... 

: 3 

No  growth  occurred 

... 

... 

P 

1 X lOl" 

< 0,060 

5 

Insufficient  mat€Tial  for 
analysis 

... 

... 

6 

P 

r^\.2  X lOlO 

... 

7 

P 

5 X 10^*> 

0.042 

n 

7 X lOl’^ 

0.095 

9 

No  growth  occurred 

... 

... 

1 10 

n 

3 X lO^'^ 

0.093 

11 

Insufficient  material 

... 

... 

i 

12 

Polycrystalline  material 

... 

... 

13 

P 

9 X 10l5 

< 0.060 

1 

14 

Polycrystalline  material 

... 

... 

15 

n 

8 X lol'^ 

0.090 

16 

n 

2,9  X lOlS 

0.097 

17 

n 

2.1  X lOl’^ 

0.089 

LPK-10-63 

n 

6.8  X lOl’^ 

0.095 
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CARRIER  CONCENTRATION  (TEMP) 


TEMPERATURE  (K) 


Figure  35.  Temperature  dependence  of  the  mobility  for  an  n-type 
sample  from  BSG-10  (n  = 3 x 10^^  cm  '^T 
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Figure  36.  T«>mperatun>  dependencf  of  the  mobility  in  an  n-type 
sample  from  BSG-15  (n  = 8 x 10^"^  cm"^). 
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oefficient  vs  reciprocal  temperature  for  four  BSG  growth  runs. 


which  occurs  at  low  temperatures  will  be  discussed  in  Section  IV.  As  shown  in  Figure  40  the  tem- 
perature dependence  of  the  resistivity  has  the  same  general  shape.  As  the  temperature  is  decreased 
from  room  temperature,  the  resistivity  decreases.  It  reaches  a minimum  and  then  increases  sharply 
with  decreasing  temperature  in  the  i-arrier  freeze-out  regime.  At  low  temperatures  the  restivity 
reaches  a plateau  and  increases  very  slowly  with  decreasing  temperature.  'I’his  dependence  is 
readily  interpretable  and  will  be  discu.ssed  in  Section  IV. 

Tlie  temperature  dependence  of  the  mobility  gives  us  the  most  information  about  the  scattering 
mechanisms  in  the  material.  In  Figure  41 . we  plot  the  mobility  as  a function  of  temperature  for 
s;miples  BS(J  1 to  4.  Near  room  temperatun!,  all  four  samples  have  nearly  the  same  value  for  the 
mobility.  However,  at  lower  temperatures,  the  mobilities  differ  widely.  Included  in  Figure'  41  is  a 
plot  of  the  theoretical  expression  for  the  mobility  when  limited  by  combined  non-polar  optical 
and  acoustic  mode  scattering.  Figure  41  also  shows  the  theoretical  values  for  ionized  impurity 
limited  mobility  for  three  ilifferent  v;ilues  of  the  aex'eptor  density. 

Because  most  of  the  LI’F;  layers  were  n-type  layers  on  n-type  substrates,  we  were  not  able  to  make 
Hall  measurements  on  these  samples.  A f('w  layers,  however,  were  grown  on  compensated  Czochral- 
ski  substrates;  for  these  samples.  Hall  data  could  be  obtained.  Figure  42  shows  the  temperature 
dependence  of  the  mobility  for  one  of  these  LPK  n-type  layers.  Note  that  the  low-temperature 
mobility  is  rather  low.  This  LI’F.  layer  was  grown  from  a C'u -doped  melt.  In  previous  experiments 
with  (;al’:(’u,  we  iibserv'ed  that  as  the  Cu  concentration  in  the  melt  increased,  the  mobility  de- 
creased. Note  that,  near  room  temperature,  the  mobility  for  this  sample  also  viiries  as 
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Figure  11.  TcmixTaturi'  (l(•p<'n(i(‘ncp  of  thi'  mohility  of  four  SSD  samples. 

Th.-  solid  lines  show  Ihi'  theoretiial  value  for  mobility  when  limited 
l.y  ionized  imtiurity  .scaUerint'  for  tlie  indicated  carrier  concentrations 
The  broken  line  shows  the  theoretical  value  for  the  mobility  when 
limited  by  combined  acoustic  and  non  polar  optii  al  mode  scattering. 
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Fip.m>  12.  Temperature  dependence  of  the  mobility  for  an  LPEl  10-62  n-type  sample. 

3.  IK  Spectroscopy 

As  discussed  in  the  previous  section,  carbon  has  turned  out  to  be  an  important  impurity  in  OaP 
for  us  to  identify  and  characterize.  IR  spectroscopy  has  proven  to  be  a useful  technique  in  identi- 
fying sh^l]low  donors  and  has  been  adapted  to  identify  acceptors  in  GaP.  We  have  a unique  capabil- 
ity at  the  Honeywell  RescMch  Center  in  our  ability  to  measure  IR  spectra  in  semiconductors  using 
a E’ourier  transform  spectrometer.  Because  of  the  versatility  of  this  instrument,  we  have  been  able 
to  use  three  different  phenomena  to  identify  carbon  in  GaP.  These  rely  on  the  measurement  of: 


The  local  mode  absorption  in  n-type  crystals. 

The  excitation  spectrum  of  carbon  in  p-type  crystals. 

The  extrinsic  photoconductivity  in  p-type  crystals. 

In  this  section,  the  spectra  which  are  measured  in  each  of  the  three  meth<xis  will  be  presented  to 
illustrate  the  different  methods  of  detecting  the  carbon  impunties.  In  each  case,  only  one  spt'ctrum 
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will  be  presented  as  an  illustration. 


a.  Local  Mode  Ab.sorption— A portion  of  the  IR  absorption  spectrum  of  an  n-type  crystal  is  shown 
in  Figure  13  to  illustrate  the  method  ust“d  to  identify  carbon  in  n-type  crystals.  This  is  a portion  of 
the  absorptioi^  spectrum  of  crystal  HSG-10  taken  with  the  sample  at  both  82  K and  at  5 K.  In  the 
center  of  the  figure,  the  strong  absorption  line  is  due  to  the  Is  - 2po  transition  in  sulfur.  As  can  be 
seen,  the  intensity  of  this  line  increa.ses  dramatically  when  the  sample  is  cooled  from  82  K to  5 K. 

In  fact,  this  line  was  totally  absorbing  at  5 K because  of  the  thickness  of  the  sample  used  in  this 
measurement.  Similarly,  the  sulfur  lines  between  700  cm'^  and  800  cnT^  were  totally  absorbing  in 
this  sample.  Nevertheless,  the  presence  of  the  strong  absorption  at  577  cm'l  clearly  identified  sulfur 
as  the  dominant  shallow  donor  in  this  crystal. 


ENf  RGY 

Figure  43.  Absorption  ct)efficient  as  a function  of  wave  number  for  BSG-IO  at  82K  and  5K. 

An  additionid  absorption  line  at  606  cm'^  is  observed  at  both  82  K and  5 K with  no  change  in  in- 
t«-nsity.  The  fact  that  its  intensity  did  not  change  with  temperature  indicates  that  it  is  a lattice 
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local  mode  vihrational  line  due  to  carbon  on  the  phosphonis  sites.  Since  the  crystal  is  n-type,  these 
impurities  are  compensated,  so  would  not  be  directly  measurable  in  electrical  measurements. 


b.  K.xcitation  Si>ectrum  The  absor|Hion  spectrum  of  p-type  crystal,  SSD-3,  is  .shown  in  Figure  44. 
'Hie  sample  used  had  a room  temperature  carrier  concentration  of  6.6  x holes/cm^  and  had  a 
frei'ze-out  of  the  lltill  coefficient  corresponding  to  an  activation  energy  of  38  meV,  indicative  of 
carbon.  Two  absorjition  lines  due  to  carbon  are  observed,  a strong  line  at  269  cm'^,  but  this  is  also 
observed  in  n-type  crystals,  so  it  is  assumed  to  be  a lattice  absorjition  line.  The  sample  is  opaque  in 
the  spectral  region  from  about  310  cm'^  to  400  cm'^  because  of  the  strong  ojitical  phonon  absoq)- 
tion  lines  in  this  region  (i.e.,  the  reststrahlen  region).  The  ordinate  is  expressed  as  an  absorbimce  A, 
which  is  defined  at  log^qT,  where  T is  the  transmittance  of  the  sample. 

c.  Kxtrin.sic  Fhotoconductivity-  The  photoconductive  response  of  crystal  BSG-4  in  the  400  to  4000 
cm'l  spectriil  interval  is  shown  in  Figure  45.  From  Hall  measurements,  this  ciy'stal  was  determined 
to  be  p-type  with  a carrier  concentration  of  about  3 x lO^^/cm^.  Note  that  there  is  response  down 
to  the  reststrahlen  band  which  extends  from  about  300  to  400  cm'^.  Since  the  lattice  will  be  totally 
absorbing  in  the  reststrahlen  band,  it  is  impossible  to  determine  if  the  extrinsic  edge  lies  within  this 
region.  .Also,  it  should  be  noted  that  the  photoconductive  response  is  oscillatory  in  nature,  with  a 
period  of  about  400  cm'^ . The  sharp  structure  in  the  400  to  1000  cm’^  spectral  region  is  not  noise, 
but  IS  due  to  lattice  absorption.  The  oscillations  are  “damiied  out”  at  about  3000  cm'^,  but  addi- 
tional structure  is  observed  at  higher  energies,  indicating  the  presence  of  deeper  impurity  levels. 


4.  Junction  Capacitance  Studies 

VVe  have  routinely  measiiretl  the  C-V  characteristic  of  Schottky  diodes  formed  on  the  sample  surface 
in  order  to  determine  the  impurity  concentration  in  the  OaP  material  which  we  hao.  grown.  The 
spatial  uniformity  of  the  carrier  concentration  |N^— N^j|  can  be  determined  by  fabricating  an  array 
of  Schottky  barriers  over  the  surface  and  measuring  the  bias  dependence  of  the  capacitance,  llie 
slope  of  the  1 /(’2  versus  V gives  the  carrier  concentration.  Figures  46  and  47  show  respectively 
the  results  of  such  a measurement  on  crystals  from  SSD-3  and  LPK-17-94.  ITie  carrier  concentration 
is  indicat(‘d  for  each  s«*t  of  data  points. 
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Figure  45.  Relative  photoconductive  response  as  a function  of  wave  number  for  BSd- 
showing  the  oscillatorv'  behavior  of  the  photoconductivity. 
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Figure  16.  Inverse  rapacitiince  squared  vs  applied  bias  for  five  Au/('iaP  ScTiottky  barriers  on 
p-type  SSD-3. 
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Fixture  47.  Inverse  capacitaru-*’  squared  vs  ap|>li<‘d  bias  for  three  Schottky  barriers  on  I,[’LM7-94. 
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l)iu>  to  a nuilfum  tion  in  the  ftrowth  apparatus,  a thick  {>^60  /jm)  layer  was  ttrown  in  f»rowth  run 
Ll’K-29.  The  layer  was  an^tle  lapped  and  Sehottky  harriers  were  I'ahriealed  on  the  lapped  surface. 

Ihe  1 - V characteristic  for  two  of  the.se  diodes,  which  were  1 5 /uni  and  50  pm  from  the  growth 

interface,  are  shown  in  Figure  18.  These-  data  show  that  the  carrier  concentration  increases  with 
distance  from  the  growth-interface. 

During  this  program,  two  cajiacitive  techni(|ues  w-ere  used  to  investigate  deep  levels  in  GaP.  The 
first  technicpie,  which  is  termed  “admittance  spectroscopy  of  impurity  levels  in  Sehottky  harriers,” 
has  been  n-cently  described  by  D.L.  Loses  In  this  techni(|ue,  a small  a-c  voltage  is  applied  to  a 
Schottk>’  barrier  diode.  As  the  bias  voltage  is  changed,  the  (piasi-Fermi  level  is  swept  through  the 
various  defect  levels.  .Vs  the  Fermi  level  crosses  the  defect  level,  charge  carriers  are  freed;  this,  in 
turn,  alters  the  charge  distrubution  within  the  depletion  layer.  The  differential  capacitance  is  deter- 
mined by  the  magnitude  of  the  charge  oscillation,  5p,  ps-r  voltage  amplitude,  5V.  So  long  as  the 
frequency  of  voltage  oscillation  is  sufficiently  low  and  the  temperature  sufficiently  high  so  that 
the  charge  can  move  in  and  out  of  the  level,  the  level  will  contribute  to  the  capacitance.  However, 
when  either  the  frequency  of  the  applied  bias  or  the  temperature  changes  so  that  the  level  cannot 
respond,  there  will  be  a change  in  the  capacitance.  At  intermediate  temperatures,  the  charge,  6p, 
will  lag  the  voltage,  SV,  and  hence  will  produce  a real  component  (i.e.,  conductiuice)  to  the  ad- 
mittance. For  the  situation  where  the  frequency  is  fixed  and  the  temiierature  is  varied  through  the 
riuige  where  the  level  makes  the  trimsition,  the  capacitive  component  of  the  admittance  will  change 
monotonically  from  one  value  to  another.  Simultaneously,  the  conductance  goes  through  a peak. 

.\  peak  in  the  conductance  will  occur  when  corj^  = 1.  where  T|^  is  the  time  constant  for  the  k^'^ 
level.  Thus,  if  G,  the  conductance,  is  measun-d  as  a function  of  temperature,  at  fixed  frecpiency, 
a peak  will  be  observed  each  time  an  cor|^  ‘ 1 condition  is  met. 

V.e  have  measured  G/cu  as  a function  of  temperature  for  several  Sehottky  diodes  formed  on  BSG 
Gal’  substrates.  The  results  of  one  of  these  experiments  are  shown  in  Figure  19.  Note  that,  for  higher 
fre<)uencies,  the  peak  oicurs  at  higher  temperatures. 

Ilie  second  technii)ue  used  to  study  defect  levels  in  Gal’  is  the  double-source  photocapacitance 
method.  ’ITiis  technique  has  recently  been  di.scussed  by  White,  Dean  and  I’orteous  'Ilu'  Sehottky 

D.L.  Los.s»-e,  .1  Appl.  Phys.^jl,  2201  (1975). 

A.M.  White,  I’.J.  Dean  and  I’.  I’oiteous,  .1.  .\ppl.  I’hvs.  17  5250  (1970). 
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hiirriers  diodes  an'  fabricated  on  the  flaP  substrate  as  (iescril)ed  al)ove  Ity  evaitoratinR  gifld  to  form  a 
thin  semitransparetil  contact.  A constant  source  of  priming  nuliation  of  energy  greater  than  the 
bandgap  energy  is  maintained  on  the  sampl<>.  A second,  variable  energy'  source  (the  probing  radia- 
tion) is  simuittuieously  direc  ted  on  the  samjile,  and  the  diode  capacitance  is  measured  as  the  energy' 
of  this  source  is  varied.  'I’he  steady  level  of  priming  radiation  serves  to  create  a steady-state  popula- 
tion of  electrons  in  traps  above  the  Fermi  level  and  of  holes  in  trajis  below  the  Fermi  level.  Above 
the  appropriate  photon  energy'  thresholds,  the  jirobe  radiation  upsets  these  populations  by  transfer 
of  ctirriers  to  the  nearest  band  edge.  In  the  depletion  region,  these  carriers  are  swept  away  by  the 
field,  ;md  the  charge  distribution  is  alien'd  with  a corresponding  change  in  the  capacitance.  The 
capacitance  can  be  ini  reased  or  decreased  de[)ending  on  the  nature  of  the  trap. 

Figure  ,50  shows  the  ri'sult  of  our  measurement  of  change  in  capacitance  of  .Schottky  barriers  formed 
on  a HS(i  substrate  as  a function  of  the  [irobing  radiation  energy  for  three  different  measuring  fre- 
((uencu --  IFie  d*-|>enden<'e  of  the  photoca|)acitance  on  the  energy'  of  the  probing  radiation  can  give 
information  alkuit  the  defei  t levels. 

f ,ri  ■ -.4  n 1 •liotocapacilance  ex|ieriments  on  one  of  the  .Schottky  diodes  who.se 

( \ ■ f.giin-  IH*  *'*’ I clmracteristic  Wits  obtained  by  first  il- 

. ■ - I'  K with  greater  than  band  gap  energy . 'Iliis  radiation  upsets  the 

* ■ 111  the  energy  levi'ls  within  the  hand  gap.  This  r.adiation  is  then 
• '•  ; ! . A - t-ralure.  the  time  to  thermalize  all  of  the  centers  is  long,  and  af- 
ter I ai  oK'upation  of  the  levels  changes  very  slowly . nten  the  probe  radi- 

.iiu  mute  ei|uilibration  [leriod,  the  energy  is  increa.sed  from  0.;19  to 

1 .1  -A  • .1  ■ -ill'  minutes.  There  is  a clear  decrea.se  in  the  capacitance  near  0..5  and  0.7  eV. 


The  experiments  resulting  in  the  data  of  Figure  .51  were  funded  by  Honeywell. 
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Figure  51.  Change  in  capacitance  of  an  LPR-25-129  Au/GaP  Schottky  barrier  due  to  photoexcitation 
with  less  than  bandgap  energy  radiation.  Carrier  concentration  of  the  GaP«  3 x 10l5  cm'3. 

The  solid  curve  in  Figure  50  was  obtained  by  first  passing  1 mA  of  forward  current  through  the  diode. 
Then  0.39  eV  illumination  was  turned  on  and  a near  steady-state  was  achieved.  TTie  0.39  eV  illumin- 
ation increased  the  capacitance  of  diode  1 from  3.0  to  4.5  pf.  Then,  as  before,  the  probe  energy  was 
increased  from  0.39  to  1.5  eV.  As  shown  in  the  figure  for  these  conditions,  the  capacitance  still 
decreases  near  0.5  and  0.7  eV,  but  not  nearly  as  much  as  for  the  first  set  of  conditions  described 
above.  The  implications  of  thise  results  will  be  discussed  in  Section  IV. 


5.  Etch  Pit  Density 


We  used  the  modified  RC  etch<^)to  reveal  the  surface  dislocation  density  in  the  Czochralski  mat- 
erial which  we  have  been  using  for  substrates.  We  find  the  etch  pit  density  (EPD)  in  the  Czochral- 
ski material  to  be  in  5 - lOxlO"*  range.  The  EPD  in  LPE  layers  grown  on  these  substrates  was  in  the 
3 - 9x10'*  cm'2  range.  Figure  52  is  a photograph  of  an  LPE-17-93  surface  in  which  the  dislocations 
have  been  revealed  with  the  modified  RC  etch.  It  appears  from  this  data  and  that  of  others^®)  that 
^ T.  lizuka,  J.  Electrochem.  Soc.  118. 1190  (1971). 

® W.A.  Brantley,  O.G.  Lorimor,  P.D.  Dapkus,  S.E.  Haszko  and  R.H.  Saul,  J.  Appl.  Phys.  2029 
(1976). 
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dislocations  in  the  substrate  propagate  throu^  the  LPE  layer.  Figure  53  shows  the  etch  pit  density 
in  an  SSD  grown  sample.  TTie  etch  pit  density  for  selected  areas  in  this  sample  was  *2xl03  cm *2. 


SECTION  IV 
DISCUSSION 


This  section  discusses  the  experimental  results  presented  in  Section  III.  Where  possible,  the  results 
are  interpreted  and  their  relevance  to  the  program  objectives  is  discussed. 


A.  BULK  SOLUTION  GROWTH 

The  two  variations  of  the  bulk  growth  process,  BSG  and  SSD,  were  developed  for  the  purpose  (s) 
of  providing  large  area  GaP:  Cu  crystals  and/or  providing  solution  grown  substrates  for  LPE.  Dur- 
ing the  program,  it  became  clear  that  LPE  was  the  best  way  to  grow  uaP'  Cu  photoconductor 
material.  Therefore,  BSG  Cu  doping  experiments  were  stopped  after  run  BSG-18.  Emphasis  was 
placed  on  developing  a process  for  growing  large,  uniform,  inclusion-free,  high-purity  and  low-dis- 
location-density crystals  which  could  eventually  provide  substrates  for  LPE  growth.  This  objective 
was  achieved;  single-crystal  ingots  were  grown  as  large  as  1.2  cm  diameter  x 1 cm  long.  The  ingot 
from  run  SSD-3  was  inclusion  free  and  had  a much  lower  dislocation  density  than  typical 
Czochralski  GaP. 

An  important  part  of  the  bulk  growrth  development  was  the  design  of  the  growth  apparatus  so  as 
to  achieve  sin^e-crystal  growth. 

The  liquid-solid  interface  which  occurs  during  solidification  from  a melt  (whether  or  not  it  is 
stoichiometric)  will,  in  general,  be  perpendicular  to  the  direction  of  heat  flow.  The  ideal  liquid- 
solid  interface  shape  for  the  BSG  system  would  be  slightly  convex.  This  shape  promotes  the 
growth  of  a single  crystal  for  the  reason  that,  since  growth  proceeds  perpendicular  to  the  interface, 
any  crystal  grain  boundary  that  exists  at  the  interface  will  be  carried,  as  the  crystals  grow,  toward 
the  nearest  point  on  the  crucible  wall  where  it  will  be  terminated. 

In  trying  to  establish  the  maximum  temperature  gradient  in  the  Ga-GaP  solution,  one  would  prefer 
to  have  a steep  gradient  in  the  furnace  along  the  length  of  the  crucible.  However,  the  Ga  metal  is  a 
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relatively  good  thermal  conductor  which  is  terminated  on  the  cool  end  by  a much  poorer  thermal 
conductor  (the  crucible  and  the  quartz  tube).  This  results  in  the  Ga-GaP  solution  at  the  cool  end 
of  the  crucible  being  somewhat  hotter  than  the  furnace  environment  directly  alongside  of  the 
crucible.  Heat  flow  thus  acquires  a radial  component  outward  as  well  as  a longitudinal  component. 
This  situation  is  illustrated  in  Figure  54.  The  results,  in  terms  of  crystal  growth,  range  from  a ten- 
dency to  form  a polycrystal  rather  than  a single-crystal  ingot,  to  the  growth  of  a hollow-cone-shaped, 
very  polycrystalline  mass. 

In  order  to  obtain  the  preferred  convex  growth  interface  while  maintaining  a large  temperature 
gradient,  the  growth  apparatus  was  modified  from  that  shown  in  Figure  54  to  that  of  Figure  55. 

By  generating  the  temperature  gradient  in  the  Ga  solution  with  forced  cooling  of  the  crucible  tip 
while  using  a flat  furnace  profile,  the  temperature  in  the  Ga  solution  near  the  bottom  of  the  crucible 
will  actually  be  higher  than  the  furnace  tube  temperature,  which  for  this  case  is  held  constant.  Any 
radial  component  of  heat  flow  will  therefore  be  inward  and,  when  combined  with  the  downward 
longitudinal  component  of  heat  flow,  will  produce  convex  isotherms.  The  increasingly  single-crystal 
nature  of  the  ingots  from  runs  using  this  arrangement  demonstrated  that  it  was  the  correct  design. 

TTie  graphite  crucible  is  preferable  to  quartz.  Ample  evidence  exists  in  the  scientific  literature  that 
solution  growth  in  quartz  containers  leads  to  silicon  and  oxygen  contamination.  A graphite  crucible 
is  easily  configured  to  use  a seed  crystal.  The  seed  crystal  is  an  important  asset  in  minimizing  poly- 
crystalline  growth  from  the  very  start  of  growth  and  therefore  maximizing  the  single-crystal  volume 
of  the  ingot.  Graphite  also  eliminates  the  bonding  of  the  GaP  to  the  crucible  wall.  The  graphite 
crucible  and  quartz  ampoule  produced  our  largest  single-crystal  ingot. 

Tlie  p-type  behavior  of  early  BSG  runs  in  quartz  crucibles  was  most  likely  due  to  contamination 
from  the  oil-diffusion  vacuum  pump.  After  switching  to  an  evapor-ion  vacuum  system,  run  SSD-5, 
which  used  a quartz  crucible,  produced  n-type  material.  We  believe  that  persistence  of  p-type  con- 
ductivity in  GaP  grown  in  the  graphite  crucible  when  using  evapor-ion  evacuation  is  due  to  the 
interaction  of  residual  water  vapor  and/or  oxygen  (probably  from  the  phosphorus)  with  the 
graphite  crucible.  Although  the  p-type  conductivity  is  not  necessarily  a disadvantage  if  the  material 
is  to  be  used  for  LPE  substrates,  it  can  probably  be  eliminated  by  appropriate  handling  of  the 
phosphorus.  'Hiis  may  include  such  steps  as  obtaining  the  phosphorus  in  preweighed  amounts 
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Figure  54.  Bulk  Solution  Growth  — Furnace  gradient  producing  concave  isotherms. 
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Figure  55.  Bulk  Solution  Growth  — Flat  furnace  profile  with  tip  cooling  producing  convex  isotherms. 
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suitable  for  a single  growth  and  loading  in  an  inert  atmosphere. 


B.  LIQUID  PHASE  EPITAXIAL  GROWTH 

During  the  course  of  this  program,  we  successfully  developed  LPE  as  a crystal  growth  technique 
capable  of  producing  large-area,  high-performance  GaP.Cu  photoconductors.  The  development 
proceeded  from  some  initial  feasibility  experiments  with  a common  source  substrate  apparatus  to 
a slider  technique  and  finally  to  an  advanced  version  of  the  slider  technique.  With  the  advanced 
slider,  we  are  able  to  reproducibly  grow  0.6  cm^  layers,  most  of  which  are  smooth  and  flat  enough 
for  photoconductor  fabrication.  They  are  wiped  almost  completely  free  of  Ga  so  that  no  cleaning 
process  which  might  destroy  the  short-wave-length  response  of  the  as-grown  surface  is  necessary. 

A contamination  problem  which  produced  p-type  conductivity  in  many  of  the  layers  in  runs  LPE-15, 
-19,  -21  and  -22  is  believed  to  have  been  caused  by  a decomposing  and/or  leaking  g ' fth  tube 
Qemge  seal.  We  solved  the  problem  by  using  a special  silicone  rubber  primer  (Dow-Coming  1200)(^^) 
and  a two-part  silicone  rubber  (Silastic  E)  for  sealing  the  alumina  growth  tube  to  a redesigned  water- 
cooled  stainless  steel  flange.  From  run  LPE-23  on,  the  layers  turned  out  predictably  n-type  with  the 
exception  of  a few  heavily  Cu  doped  layers  and  one  undoped  layer,  LPE-24-118.  The  behavior  of 
LPE-24-118  is  anomolous  since  all  of  the  other  Cu-doped  layers  of  run  LPE-24  were  n-type. 

A substrate  to  slider  clearance  of  ~0.002  was  found  satisfactory.  If  the  clearance  is  much  less, 
interference  with  the  slider  may  occur  if  any  ridge  growth  is  present  at  the  edge  of  the  LPE  layer. 
Although  we  never  used  a substrate  clearance  greater  than  0.002  in.,  poor  wiping  action  and  even 
growth  bin  leakage  can  occur  at  much  larger  clearances. 

Alumina  is  compatible  with  graphite  for  the  tapered  fit  of  the  support  tube  into  the  slider  base; 
quartz  is  not.  The  alumina  support  tube  broke  twice  during  the  20  LPE  runs  using  slider  mechanism 
3.  This  breakage  could  probably  be  reduced  by  using  separate  support  and  cooling  gas  tubes,  thereby 
reducing  the  load  on  each. 

^^Dow-Coming  Corporation,  Midland,  Michigan  48640. 
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The  effect  of  substrate  orientation  was  not  exhaustively  studied;  we  determined,  however,  that 
orientation  errors  of  -0.5  to  0.75  from  the<lll>  plane  do  not  cause  serious  surface  smoothness 
problems  for  a photoconductive  device. 

An  appropriate  operating  temperature  is  1050°C.  It  is  sufficiently  high  so  that  small  temperature 
increments  give  useful  layer  thicknesses,  yet  it  is  far  enough  below  the  melting  point  of  GaP  so  that 
the  Ga  vacancy  concentration  is  reduced  by  over  3 orders  of  magnitude  Further  decreases  in 
growth  temperature  appear  to  result  in  reducing  the  amount  of  Cu  incorporated  into  the  crystal  to 
the  point  where  photosensitization  ceases. 

A palladium-diffused  hydrogen  atmosphere  is  preferred  not  only  because  it  is  a reducing  atmosphere, 
but  also  because  it  is  as  high  purity  an  atmosphere  as  is  easily  obtained. 

Relatively  low  cool  down  rates  were  employed.  The  increase  in  cool  down  rate  from  2.5  to  6. 7® /hr. 
had  no  apparent  effect  on  the  growth.  Faster  growth  rates  may  be  possible. 

Runs  LPE-27  through  LPE-29  which  explored  the  precursor  technique,  but  without  substrate  cool- 
ing, supports  the  importance  of  substrate  cooling  for  good  surface  morphology  in  our  slider  system. 
The  exact  temperature  difference  across  the  growth  interface  with  substrate  cooling,  as  we  success- 
fully employed  it,  could  not  be  measured.  The  cooling  was  accomplished  with  a He  flow  of  5 1/min. 
through  the  coaxial  cooling  gas-support  tube. 

C.  ELECTRICAL  AND  OPTICAL  PROPERTIES  OF  GaP 
1.  Photoconductivity 

Discussions  of  our  work  on  photoconductive  effects  in  GaP:Cu  grown  from  solution  by  the  so-called 
random  nucleation  technique  have  been  previously  published  This  subsection  discusses  the  most 
significant  results  of  the  photoconductivity  experiments  which  were  performed  during  this  program. 


®A.S.  Jordan,  A.R.  Von  Neida,  R.  Caruso  and  C.K.  Kim,  J.  Electrochem.  Soc.  121, 153  (1974). 
^R.G.  Schulze  and  P.E.  Petersen,  J.  Appl.  Phys.  45,  5307  (1974). 
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As  previously  discussiKi,  there  is  a difference  between  the  spectral  response  for  samples  fabricated  on 
as-grown,  solution-grown  Gal’iCu  surfaces  and  that  for  samples  fabricated  on  surfaces  which  have 
been  treat(>d;  i.e.,  lapped,  polishtxl  or  chemically  etched.  Figure  19  shows  the  spectral  response  for 
an  as-grown  surface  and  for  a surface  which  had  been  dipped  in  HCl.  HCl  does  not  readily  dissolve 
GaP,  yet  as  can  be  seen,  there  is  a marked  difference  between  the  two  response  curves.  For  both 
types  of  surfaces,  there  is  a rather  sharp  edge  to  the  low-energy  photon  response  near  the  energy 
corresponding  to  the  indirect  bandgap  in  GaP  (~2.24  eV).  For  samples  on  interior  .surfaces  (i.e.,  those 
whose  as-grown  surface  has  been  removed  by  lapping  or  polishing),  the  photosensitivity  falls  off 
for  photon  energies  greater  than  about  2.8  eV,  whereas  for  samples  fabricated  on  as-grown  surfaces, 
the  response  remains  nearly  flat  out  to  4.0  eV.  The  larger  high-energy  photon  response  observed  on 
the  as-grown  surfaces  suggests  that  the  surface  recombination  rate  is  lower  for  these  surfaces  than  it 
is  for  the  surfaces  which  have  been  mechanically  or  chemically  polished.  Generally,  in  the  random 
nucleation  growth  process,  there  e.xist  relatively  few  as-grown  surfaces  which  are  useful  for  detector 
fabrication.  If  the  spectral  response  in  the  region  from  2.8  to  4.0  eV  is  important,  it  is  desirable  to 
have  a growth  process  which  yields  large-area  as-grown  surfaces.  LPE  is,  of  course,  such  a process. 

In  Section  III  we  di.scussed  the  experiments  on  the  Cu  doping  of  GaP  during  LPE  growth. 

Growth  run  LPE-1 1 used  the  new  slider  mechanism  3 with  substrate  cooling.  This  growth  run  repre- 
sented a significant  advance,  at  that  time,  in  the  crystal  quality  and  also  in  the  photoproperties. 
Figures  20-23  summarize  the  photocharacteristics  of  LPE-1 1-69,  which  was  one  of  the  Cu-doped 
samples  from  this  run. 

Figure  20  .shows  that  for  this  sample,  the  response  has  a rather  soft  leading  edge  around  2.2  eV 
(near  the  indirr*ct  band-gap  energy  of  GaP);  it  reaches  a peak  just  before  the  direct  band-gap  energy 
(~2.8  eV)  and  then  falls  off  slowly  for  higher  energies.  The  fact  that  the  gain  tails  off  for  photon 
energies  > 2.7  eV  suggests  that  surface  recombination  is  affecting  the  response.  However,  the  rolloff 
at  energies  > 2.8  eV  is  not  nearly  as  fast  as  in  photoconductive  samples  fabricated  on  a lapped  and 
polished  surface. 

The  photoconductive  gain,  defined  as  the  ratio  of  the  majority  carrier  lifetime  t to  transit  time 
Tj,  is  remarkably  high  in  this  sample.  The  gain  is  dependent  on  the  applied  voltage  and  the  geometry 
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of  the  samples  by  the  relation: 


G=J1-=-H^  (1) 

rd  ^2 

where  p is  the  mobility,  V is  the  applied  bias,  and  £ is  the  contact  separation.  The  pr  product  is  the 
factor  which  is  important  from  a materials  standpoint.  For  the  sample  described  in  Figure  20,  prw 
10’2.  If  we  assume  the  mobility  is  100  cm^/V-sec,  we  find  that  the  majority  carrier  lifetime  is  10’'^ 
sec.  This  is  a long  lifetime,  indicating  that  the  Cu  doping  has  in  fact  acted  to  sensitive  the  photocon- 
ductor. The  response  time  is,  of  course,  ultimately  limited  by  the  majority  carrier  lifetime,  so  since 
response  times  m milliseconds  are  desirable,  the  lifetime  should  be  ^ 10"^  sec.  Hence,  from  a device 
standpoint,  the  majority  carrier  lifetime  was  nearly  optimal. 

The  noise  equivalent  power  is  defined  by: 


NFF’  = Power  incident  on  stmiple 

‘ ' Signal-to-noise  ratio  «,2) 


= (F)(hi^)A 

eGFA/in  \eG/yr\/ 

'Phe  noise  current  for  this  sample  at  3 V bias  and  at  100  Hz  was  2x10  amps/v/H^.  For  a gain 

of  2.5  X 10'^  at  4600  A,  this  gives  a NKPfu  2 x 10  watts/  jHz. 

Tlie  dependence*,  of  the  photosigna!  on  the  incident  photon  flux  intensity  was  shown  in  Figure  21 
in  the  range  from  10^  1 — * 10^  ^ photons/cm^-sec.  Ihe  linear  dependence  which  is  observed  at  the 
lower  flux  intensities  is  highly  desirable  from  a device  standpoint.  In  the  high  resistivity  (>10*^  S7- 
cm)  GaPrt'u,  we  usually  find  a superlinear  dependence  of  the  .signal  on  the  photon  flux;  i.e.. 

Is  F"^  where  n>  1 . However,  in  the  low  resistivity  samples,  we  usually  observe  the  linear  depen- 
dence shown  in  Figure  21.  We  will  discuss  this  aspect  of  the  I-F  characteristic  in  more  detail  later  in 
this  section. 

Near  10^^  photons/cm^-sec,  as  shown  in  Figure  21,  the  signal-flux  characteristic  changes  from  a 
linear  to  a sublinear  behavior,  with  the  signal  varying  approximately  as  F^^^  the  literature  on 
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sensitized  photoconductivity,  a dependence  is  usually  attrihuled  to  the  presence  of  a distribu- 
tion in  energy  of  majority  carrier  traps  helow'  the  conduction  hand.  'Hie  physical  picture  proposed 
by  Rose  to  account  for  sublinear  ht'havior  is  that  as  the  light  intensity  is  increased,  the  electron 
demarcation  level  moves  toward  the  conduction  band  and  electron  traps  are  converU'd  to  recombin- 
ation centers  with  a resulting  decrease  in  the  majority  carrier  lifetime. 

The  spatial  uniformity  of  the  photosignal  of  three  samples  from  LPE-11-69  is  shown  in  Figure  23. 
This  represents  a substantial  improvement  in  uniformity  over  that  of  samples  from  the  earlier  growth 
runs.  As  shown  in  Table  7,  the  standard  deviation  in  the  photosignal  was  ru  0.1. 

TABLi:  7 

AVERAGE  VALUE,  X,  AND 
STANDARD  DEVIATION,  S,  FOR  THE 
PHOTOSIGNAL  IN  THREE  GaP:Cu 
PI  lOTOCONDUCTORS. 


Slit 

Number 

X 

S 

1 

0.90 

0.082 

2 

0.83 

0.11 

3 

0.97 

0.061 

I 


The  frequency  dependence  of  the  photosignal  for  a LPE  GaP:Cu  photoconductor  is  shown  in  Figure 
22.  Also  shown  are  the  characteristics  for  response  times  of  IQ'"*  sec  and  5 x 10'^  sec.  The  majority 
carrier  lifetime  for  this  sample  was  lO'"^  sec.  It  is  clear  that  the  majority  carrier  lifetime  does  not 
limit  the  response  time.  The  longer  response  time  is  due  to  the  presence  of  majority  carrier  traps, 
which  to  date  have  not  been  fully  characterized  in  GaP. 

1®A.  Rose,  Concepts  in  Photoconductivity  and  Allied  Problems,  Interscience,  New  York  (1963). 
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From  a p-owth  morpholop-  viewpoint,  runs  LPF-23  and  LPE-24  were  the  most  desirable.  The 
photocharai'teristics  of  sam[>les  from  run  LPE-23  were  especiedly  noteworthy.  i\s  shown  in  Figure 
24,  this  sample  exhibits  a very  broad  spectral  response.  The  measured  gain  at  5 eV  (0.25  /urn)  is 
-4  X 10“^.  ITiis  is  by  far  the  broadest  spectral  response  which  we  have  observt*d  on  GaP  photo- 
conductive  samples.  In  (irevious  samples,  the  photoresponse  extended  only  to  about  4 eV.  We 

interpret  this  increased  short  wavelength  response  to  an  improvement  of  the  as-pown  surface  with 

* 

a resulting  decrease  in  the  surface  recombination  velocity. 

The  photosignal/photon  flux  characteristic  (see  Figure  25)  shows  the  same  linear  to  sublinear 
transition  for  LPP.-23-117  which  we  observed  in  LPE-11-69.  This  sample  had  a rather  low 
resistance  (-100  H ),  however,  it  was  also  quite  thin  ( <.5  pm ),  so  there  is  a shunt  resistance  across 
the  .sample  due  to  the  substrate. 

The  field  at  which  these  measurements  were  taken  was  about  10^  V/cm.  At  photon  energies  of 
3 eV,  this  translates  to  a pr  product  of  3 x 10'2  cm2/V.  If  we  use  100  for  the  mobility,  we  find  r , 
the  majority  carrier  lifetime,  is  -3  x lO''^  sec.  Figure  26  shows  the  frequency  response  for  this 
sample,  along  with  the  characteristic  for  a single  time  constant  of  6 x 10'4  sec.  The  response  is 
close  to  the  limit  .set  by  the  majority  carrier  lifetime,  which  for  a photoconductor,  is  a very  short 
response  time. 

The  spatial  uniformity  of  the  photoresponse  for  two  samples  from  LPE-2S-il7  as  shown  in 
Figure  27  is  fairly  good.  Table  8 shows  that  for  the.se  two  samples,  the  standard  deviation  was 
less  than  0.09. 


TABLES. 

SPATIAL  UNIFORMITY  OF  SAMPLES  FROM  LPE-23-117 


Sample  Number 

Slit  Length 

Standard  Deviation 

(mm) 

LPE-23-117  Number  1 

3.15 

0.085 

LPE-23-117  Number  2 

2.89 

0.068 

'i 


As  discussed  in  Section  III,  the  surface  morphology  of  the  last  few  gnjwth  ntns  did  not  permit  us 
to  place  contacts  in  the  slit  configuration  on  the  sample  surface  We  were,  however,  able  to  make 
ohmic  contacts  by  alloying  small  In:191Te  dots  on  the  .rface.  On  these  last  growth  runs  we 
observed  the  largest  photoconductive  gains  metrsured  during  the  |)rogram.  ,\s  shown  in  Figure  28, 
photoconductive  gains  greater  than  10^  were  attained.  For  this  sample,  this  translates  to  a gr 
product  of  4 cm^/V,  which,  in  turn,  gives  a majority  carrier  lifetime  of  0.04  sec.  Hence,  this 
sample  necessarily  has  a long  response  time.  These  results  show  that  very -higli -gain  LPE  GaP:Cu 
can  be  grown. 


i 

1 


( 

I 
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Sensitized  photoconductivity  can  be  either  thermally  or  optically  quenched.  Figure  30  shows  that 
up  to  temperatures  of  90°C,  the  photosensitivity  of  LPK-23-117  was  not  reduced.  The  noise  at 
90^C,  however,  was  substantially  larger  than  it  was  at  room  temperature.  The  photoconductivity  is, 
however,  quenchetl  by  optical  radiation  whose  energy  is  greater  than  the  energy  depth  of  the 
sensitizing  center,  but  less  than  the  band  gap  energy. 

The  percent  quenching  as  a function  of  the  energy  of  the  quenching  radiation  is  shown  in  Figure  31. 
When  the  energy  of  the  quenching  radiation  equals  or  exceeds  the  difference  in  energy  between  the 
valence  band  and  the  sensitizing  centers  (deep  acceptors),  holes  can  be  excited  from  these  centers 
back  to  the  valence  band.  'Fhe  recombination  traffic  through  the  long  electron  lifetime  sensitizing 
centers  has  effectively  been  blocked.  The  recombination  then  proceeds  through  the  fast  recombination 
centers,  which  have  a much  larger  capture  cross-section  for  electrons.  ITie  result  is  a shorter  electron 
lifetime,  and  the  photores|)onse  is  correspondingly  decreaswi.  Tlie  ))hotoresf)onse  can  be  quenched 
for  all  photon  energies  larger  than  the  energy  difference  between  the  valence  band  and  the 
sen.sitizing  center.  The  data  in  Figure  31  suggest  that  the  Cu  energy  level  lies  approximately 
0.65  eV  above  the  valence  band. 

The  photosignal  versus  photon  flux  intensity  characteristic  for  three  Cu  doped  LPE  samples  was 
shown  in  Figures  21,  25  and  29.  These  were  all  rather  low  resistivity  samples.  Figure  32  shows  the 
photr;signal/[)hoton  flux  intensity  characteristic  for  a high -resistivity  LPE  GaP.’Cu  sample.  Note 
that  for  thi.s  .sample,  the  characteristic  is  su|jerlinear  over  many  orders  of  magnitude  and  that  there 
is  a suggested  linear  dependence  at  the  highest  photon  flux.  We  have  observed  this  behavior  in 
previous  GaP:Cu  samples.  The  superlinear  behavior  can  occur  when  the  light  intensity  is  such  that 


98 


It 


the  demarcation  level  is  being  moved  through  the  sensitizing  centers  and  converting  them  from 
electron  traps.  (See  Appendix  A for  a discussion  of  photoconductivity  in  wide  band  gap  materials.) 
After  the  sensitization  is  complete,  the  signal  should  again  vary  linearly  with  the  light  intensity. 
There  are  two  (lossible  ex()lanations  for  the  linear  behavior  seen  in  the  photocurrent/photon  flux 
characteristic  for  the  low  resistivity  samples.  The  first  is  that  because  the  samples  are  low  resistivity, 
the  carrier  concentration  is  high  enough  so  that  the  demarcation  level  lies  below  the  Cu  acceptor, 
llie  second  is  that,  in  the  dark,  the  demarcation  level  lies  above  the  acceptor,  but  that  the  transition 
occurs  at  radiation  intensities  below  those  at  which  our  measurements  were  made.  We  believe  that 
these  data,  ('specially  the  ojHical  quenching  and  the  superlinear  dependence  in  the  photocurrent 
photon  flux  characteristic,  suggest  that  sensitized  photoconductivity  is  the  photomechanism  in 
GaP:Cu. 
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2.  Transport  Measurements 

A primary  means  of  identifying  and  quantitatively  measuring  the  impurities  in  a semiconductor  is 
by  Hall  effect  measurements.  As  discussed  in  .Section  111,  we  have  taken  Hall  data  on  all  of  the 
BSG  and  .S.SD  material  and  on  one  of  the  LPE  layers.  From  the  Hall  data,  we  have  (1)  identified 
the  principal  impurities  in  the  material  we  have  grown,  (2)  identified  the  primarj'  scattering 
mechanisms  and  (.3)  determined  the  degree  of  compensation  (i.e.,  Njj  and  N^)  in  some  material. 

We  will  now  discuss  our  interpretation  of  the  Hall  results. 

The  Hall  data  are  summarized  in  Tables  5 and  6.  As  shown  in  the  tables  (see  also  Tables  1 and  2), 
all  of  the  unintentionally  doped  runs  were  p-type  w ith  the  exception  of  SSD-5.  (The  use  of 
evaf)or-ion  ampoule  evacuation  and  a quartz  crucible  which  resulted  in  n-type  conductivity  in 
SSD-5  was  discussf*d  earlier  in  this  section.)  TTie  use  of  GaP:S  starting  materia)  produced  all 
of  the  other  instances  of  n-ty()e  conductivity.  The  acceptor  activation  energy  for  all  of  these  p-type 
sam|>les  was  near  0.040  eV  (see  F'igure  38).  These  data,  along  with  the  optical  absorption  data 
discussed  in  the  next  section,  establish  that  carbon  is  the  acceptor  impurity  in  this  material. 

In  some  of  the  growth  runs  (see  Table  3),  the  starting  material  was  sulfur-doped  Czochralski.  The 
samples  .so  doped  were  low  re.sistivity  n-type  with  a carrier  concentration  in  the  mid  10^^  cm'^ 
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ran^if.  The  sulfur  donor  activation  energy,  determined  from  the  Ihill  data,  was  '0.095  eV.  The 
optical  absorption  data  showwl  that  these  samples  were  carbon  doped  to  a greater  extent  than  the 
starting  material.  Hence,  we  concludwl  that  carbon  was  inadvertently  being  introduced  during 
the  growth  process.  In  Section  IV-A,  we  discussed  our  current  understanding  of  the  source  of 
carbon  in  GaP  growth. 


Tlie  Hall  data  were  analyzed  in  a straightforward  manner  according  to  the  statistics  for  single 
donor  and  acceptor  levels  and  nondegenerate  carrier  densities^!! ).  P’or  a p-type  sample,  these 
conditions  give: 


(P)  (P+N(j) 
(Na-Nd-P) 


q'3/2 


(3) 


where  p is  the  temperature-dependent  hole  concentration,  and  Nd  acceptor  and  donor 

concentrations  respectively,  N^T"^  is  the  density  of  states  in  the  valence  band,  g is  a degeneracy 
factor  which  depends  on  the  nature  of  the  impurity  state  and  the  band  edge  and  Eg  is  the 
acceptor  activation  energy.  In  the  “freeze-out”  region  (p<<  Nd): 


_E_ 

'j’3/2 


oc  (CONST)  exp 


(4) 


Hence,  the  straight-line  region  of  a p/T^/2  versus  T'^  plot  gives  the  activation  energy.  Eg,  as 
seen  in  Figure  38. 


Nd  and  Ng  can  be  obtained  by  fitting  the  Hall  data  to  Equation  3 over  the  whole  temperature 
range.  We  use  a similar  approach,  which  is  adequate  for  our  purpose.  The  ratio  Nd/(Ng  - Nd)  can  be 
computed  directly  from  Equation  3 if  Eg  and  (nJ  /g)  are  known.  The  analysis  preceeding  Equation  4 
gives  the  activation  energy.  The  work  of  van  der  Does  de  Bye  and  Peters(12)  gives  4.2  x 10l4  = 

, / 1C 

N'v/g-  1 .1  X 10^'  . Ng  - Nd  can  be  obtained  by  extrapolating  the  Hall  cc>efficient  versus  reciprocal 
temperature  characteristic  to  zero.  Hence,  Ng  and  Nd  are  obtained  to  within  about  a factor  of 
two.  The  values  of  Nd  and  Ng,  so  calculated,  for  two  BSG  runs  and  four  SSD  runs  are  tabulated  in 
Table  6. 

J.  S.  Blakemore, Semiconductor  Statistics,  Pergamon  Press,  New  York  (1962). 

12  J.  A.  W.  van  der  Does  de  Bye  and  R.  C.  Peters,  Phillips  Res.  Repts.  210  (1969). 
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One  of  the  expected  benefits  of  these  two  growth  processes  is  an  improvement  in  the  uniformity  of 
the  material.  In  P'igure  34.  the  cjirrier  concentration  times  versus  reciprocal  temperature  was 
plotted  for  two  samples  from  growth  run  BSO-10.  The  fact  that  the  data  from  each  of  these  samples 
are  equal  to  within  experimental  error  demonstrates  uniformity  in  majority  carrier  concentration 
for  this  growth  run.  Hence,  we  have  demonstrated  that  the  BSG  process  can  be  used  to  grow 
spatially  uniform  material. 

The  photoconductive  gain  is  linearly  dependent  on  the  mobility  of  the  majority  carrier.  In  addition, 
the  mobility  can  give  information  on  the  quality  of  the  material.  Hence,  the  mobility  is  an  important 
material  [)arameter.  We  now  proceinl  with  a discussion  of  the  mobility  in  both  n-  and  p-type  GaP 
which  was  grown  during  this  program. 

The  temperature  dependence  of  the  electron  mobility  for  a typical  n-type  BSG  sample  was  shown 
in  Figure  35.  Note  that  near  room  temperature,  the  mobility  varies  approximately  as  _ 
combined  intervalley  and  acoustic  mode  scattering  result  in  near  dependence  for  the  electron 
mobility.  However,  the  theory  predicts  a room  temperature  mobility  -200  cm^/V-sec  when  these 
mechanisms  limit  the  mobility.  The  room  temperature  mobility  for  the  sample  described  in 
Figure  35  is  -110  cm^/V-sec.  The  reason  for  the  room  temperature  mobility  being  less  than 
200  cm^/V-sec  is  attributed  by  some  authors  to  ionized  impurity  scattering.  We  now  briefly  discuss 
the  mobility  in  n-GaP  near  room  temperature. 

Rode<13)  has  shown  theoretically  that  at  room  temperature,  ionized  impurity  scattering  can 
lower  the  mobility  for  carrier  concentrations > 10^^  cm"^  in  uncompensated  material  and  for 
carrier  concentrations^^lO^^  cm’^  in  heavily  compensated  material.  He  also  shows  that  experiment 
does  not  agree  with  the  theory,  presumably  due  to  the  breakdown  of  the  spherical  band  approx- 
imation in  the  calculated  ionized  impurity  scattering.  Our  results  generally  show  that  the  higher 
the  carrier  concentration,  the  lower  the  room  temperature  mobility,  but  there  are  exceptions. 

In  Figure  36,  we  show  the  temperature  dependence  of  the  mobility  for  a rather  heavily  doped 
uncompensated  n-type  sample,  which  should  be  compared  with  the  data  of  Figure  35.  Note  that 
the  mobility  of  the  more  heavily  doped  sample  is  considerably  higher  than  that  for  the  lighter 

D.  L.  Rode,  Phys.  SUt.  .Sol.^,  245  (1972). 
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doped  samples.  Other  investigators  have  found  similar  discrepancies.  See,  for  example,  the  work  of 
Hara  and  Akasaki^^''^  and  Craford^l^K  et.al.  The  data  suggest  that  another,  yet  undetermined 
mechanism  is  influencing  the  mobility  near  room  temperature.  At  lower  temperatures  ( < 100  K), 
the  mobility  for  the  n-type  BSO-IO  sample  shown  in  Figure  35  varies  as  We  have  frequently 

ohservt>d  this  behavior  in  ('u  doped  GaP.  Our  preliminary  assessment  is  that  the  mobility  in  this 
region  is  limited  by  the  scattering  of  electrons  by  space  charge  regions,  as  discussed  by  Weisberg^^®). 

We  now  prweed  with  an  interpretation  of  the  Hall  data  for  p-type  material.  Figure  38  plots 
P/t3/2  versus  10^/T  for  four  SSD  p-type  samples.  Note  the  linear  region,  which  is  clear  evidence  of 
carrier  freezeout,  thus  permitting  determination  of  the  activation  energy.  The  leveling  out  at  low 
temperature  occurs  when  impurity  hopping  begins  to  influence  the  charge  transport,  and  the  simple 
theory  breaks  down. 

The  temperature  dependence  of  the  resistivity  for  these  four  BSG  samples  is  shown  in  Figure  40. 
Near  room  temperature,  the  resistivity  decreases  with  decreasing  temperature  because  the  mobility 
is  increasing  faster  than  carriers  are  being  emptied  from  the  valence  band.  In  the  carrier  freeze-out 
regime,  the  decrease  in  carrier  concentration  with  temperature  is  the  dominant  influence  and  the 
resistivity  increases  sharply  with  decreasing  temperature.  At  the  low  temperatures,  the  carrier 
concentration  becomes  so  low  that  impurity  conduction  becomes  important.  In  this  region,  the 
resistivity  has  a much  weaker  temperature  dependence.  Impurity  conduction  occurs  when  holes 
hop  from  occupied  to  unoccupied  acceptors  with  the  aid  of  phonons. 

ITie  three  most  prevalent  scattering  mechanisms  which  limit  the  mobility  in  a semiconductor  are 
lattice  scattering,  impurity  scattering,  and  scattering  due  to  inhomogeneities  or  local  space 
charge  regions.  We  now  consider  these  mechanisms  in  p-type  GaP. 


T.  Hara  and  I.  Akasaki,  J.  Appl.  Phys.  39,  285  (1968). 

M.  G.  Craford,  W.  O.  Groves,  A.  H.  Herzog  and  D.  E.  Hill,  J.  Appl.  Phys.  2751  (1971). 
15  L.  R.  Weisberg,  J.  Appl.  Phys.  5, 1817  (1962). 
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We  will  first  consider  lattice  scattering.  Casey,  et.al.(l^)  evaluated  the  familiar  T‘^/2  expression 
of  Bardeen  and  Shockley(l^)  for  the  mobility  for  scattering  by  acoustic  phonons  and  found  the 
following  for  GaP. 


= 5.6  X 10^/(m*/mo)  2'p3/2  cm^/V-sec  (5) 

Here,  Ej  is  the  volume  deformation  potential  in  eV  and  m*  the  effective  mass.  For  a deformation 
potential  of  1.0,  Equation  5 yields  a room  temperature  mobility  greater  tiian  10^  cm^/V-sec.  The 
data  of  Figures  37  and  41  show  that  at  room  temperature,  the  mobility  in  p-type  GaP  is  -100 
with  a temperature  dependence  Hence,  acoustic  phonon  scattering  is  not  a limiting 

mechanism. 

The  expression  for  the  mobility  when  limited  by  optical  phonon  scattering  as  derived  by 
Ehrenreich<l®>  is: 

/ mo\ 

f'op  = 2.4t1''2^  j3/2  [exp(-^)  -1)  F (-^  cm2/V-sec 

where  cuj  is  the  longitudinal  optical  phonon  frequency,  0 = hcJi/k  and  F is  a function  obtained 
from  Ehrenreich’s  paper.  In  Figure  37,  we  plot  Pop  according  to  Equation  6 as  a function  of 
temperature.  While  the  fit  of  this  expression  is  not  perfect,  it  appears  that  optical  phonon 
scattering  plays  a role  in  determining  the  mobility  for  temperatures  greater  than  150  K. 

Ionized  impurity  scattering  is  frequently  found  to  be  the  limiting  scattering  mechanism  in  semi- 
conductors at  moderately  low  temperatures.  Blatt^^®)  expresses  the  mobility  when  determined 
by  ionized  impurity  scattering  as; 

(t)fe)  •* 

C.  Casey  Jr.,  F.  Ermanis  and  K.  B.  Wolfstim,  J.  Appl.  Phys.  40,  2945 
1®J.  Bardeen  and  W.  Shockley,  Phys.  Rev.  gfl,  72  (1950). 

1®H.  Ehrenreich,  J.  Phys.  Chem.  Solids  §,  130  (1959). 

20p.  J.  Blatt,  Solid  State  Phys.  4,  344  (1957). 
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where  k is  the  dielectric  constant,  Nj  = p + 2N(j  is  the  concentration  of  ionized  impurities  and  n' 

= p + (p  + [ 1 - (p+Njl/Ngl . At  temperatures  low  enough  that  p <<N(j,  T^/2  dominates  the 

temperature  dependence  of  this  expression.  Note  that  Atj  is  strongly  dependent  on  the  density  of 
the  conifH'nsating  donors,  which,  of  course,  is  determined  from  the  Hall  data. 

In  Figure  37,  we  plot  the  calculated  values  of  pj  for  two  samples,  BSG-19  and  BSG-21,  using  the 
experimentally  determined  values  tabulated  in  Table  6 and  an  effective  mass  ratio  of  0.4.  The  hole 
effective  mass  of  GaP  is  generally  believed  to  be  -0.5.  However,  our  method  of  determining  Nj 
and  Ng  could  result  in  an  error  in  these  quantities  which  would,  of  course,  alter  pj  to  some  degree. 
Note  from  Table  6 that  as  N^j  decreases,  p(77  K)  generally  increases  as  expected  if  ionized 
impurity  scattering  is  a dominant  mechanism. 

Neutral  impurity  scattering  is  another  mechanism  which  can  limit  the  mobility  at  low  temperatures. 
The  expression  derived  by  Erginsoy^^l)  for  mobility  when  limited  by  this  mechanism  is: 

PN=L4x1^  m.*  (cm2/V-sec)  (8) 

Nn  mo  k 

where  Nj>j  = (Nj,  - N^j)  - p is  the  neutral  impurity  concentration,  pjsj,  according  to  Equation  8,  has 
its  lowest  value  at  low'  temperatures  where  p < N^  - N^j.  For  these  conditions,  Pfvjfii  CONST  ^ 

7 X 1020/(Njj  - N(j).  Only  for  rather  heavily  doped  samples  { ^ 10^8  em‘8)  will  neutral  impurity 
scattering  be  significant  in  determining  the  mobility. 

In  Figure  41,  we  show  the  temperature  dependence  of  the  mobility  for  the  same  four  SSD 
samples  which  we  discussed  earlier.  The  characteristic  shape  is  the  same  as  that  for  the  BSG 
samples  discussed  above.  However,  for  these  samples,  we  have  better  low  temperature  data  and 
we  see  that  for  temperatures  below  30  K,  the  mobility  drops  precipitously  with  decreasing 
temperature.  In  SSD-4,  the  mobility  dropped  to  a value  less  than  unity.  These  low  values  of  the 
mobility  are  characteristic  of  conduction  by  the  phonon-assisted  hopping  of  holes  from  neutral 
to  ionized  acceptors. 

21  C.  Eriginsoy,  Phys.  Rev.  79, 1013  (1950). 
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In  Figure  41,  we  also  plot  the  calculated  values  of  pj  for  four  different  donor  densities.  In 
calculating  these  expressions,  we  used  =0.4  and  /g  = 4.2x101^^.  In  order  to  obtain  a 
reasonable  fit  to  the  experimental  data,  we  adjusted  the  donor  density.  In  Table  9,  we  compare 
the  value  of  the  donor  density  obtained  from  the  Hall  measurement  to  the  value  obtained  by 
fitting  the  theoretical  expression  for  pj  to  the  experimental  data  for  the  mobility.  The  lack  of 
agreement  is  probably  due  to  our  approximate  method  for  determining  for  the  Hall  data. 

TABLE  9 

CO.MPARISON  OF  THE  DONOR  DENSITY  DETERMINED  FROM 
THE  HALL  DATA  AND  FROM  THE  IONIZED  IMPURITY  EXPRESSION 
FOR  MOBILITY. 


Sample 

Number 

N(]  from 
Hall  Data 
(cm‘3) 

Nj  from 

Mobility  Expression 
(cm'^) 

SSD-1 

2.8  X 10l6 

3.1  X 10l6 

SSD-2 

2.6  X 10l6 

4.0  X 10l6 

SSD-3 

3.8  X 10l6 

7.0  X 10l6 

SSD-4 

2.4  X 10l6 

1.6  X 10l6 

22  J.  D.  Wiley  and  M.  DiDomenico,  Phys.  Rev.  B2,  427  (1970). 


Wiley  and  Di  Domenico^22)  have  discussed  the  lattice  mobility  of  holes  in  the  IH-V  compounds. 
They  claim  that  in  the  III-V  materials,  scattering  by  nonpolar  optical  phonons  is  more  important 
than  the  scattering  by  polar  modes.  In  Figure  41,  we  compare  their  theoretical  expression  for 
combined  acoustic  and  polar  mode  scattering  with  the  experimental  data.  The  agreement  is  fairly 
good  for  temperatures  greater  than  120  K. 
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3.  IR  Spectroscopy 


IR  siHH-troscopy  on  GaP  c rystals  has  turned  out  to  be  especially  valuable  for  the  characterization  of 
carbon  in  GaP.  In  this  .section,  we  will  discuss  the  results  of  the  three  types  of  measurements  which 
were  prc'sentc'd  in  Section  III. 

a.  Local  Mode  Ahsoriition  Normally,  IR  absorption  in  an  ionic  crystal  is  at  a maximum  when  the 
frequency  of  the  IR  radiation  is  in  rc'sonance  with  the  motion  of  the  atoms  in  the  crystal.  In  the 
case  of  GaP,  this  corrc'sponds  to  the  condition  when  neighboring  Ga  and  P atoms  are  in  motion 
toward  each  othc*r  giving  rise  to  an  electric  dipole  which  can  strongly  interact  with  the  radiation  at 
the  same  frequency.  This  occurs  at  an  optical  frequency  of  360  cm‘^  in  GaP  and  gives  ri.se  to  the 
reststrahlen  band  in  this  frequency  range. 

Introducing  a point  defect  into  an  otherwise  perfect  crystal  modifies  the  modes  of  vibration  of  the 
crystal.  Usually,  the  introduction  of  a lighter  atom  into  the  lattice,  such  as  C on  a P site,  causes 
new  modes  of  vibration  at  higher  frequencies  than  occur  in  the  perfect  crystal.  These  new  modes 
occur  only  at  the  defect  center  and  are  characteristic  of  the  mass  and  binding  of  this  new  atom  in 
the  crystal  and  therefore  give  a measure  of  the  density  of  these  defects.  The  introduction  of  a 
heavier  atom  into  the  lattice,  such  as  S or  Se  on  a P site,  usually  introduces  a lower  frequency 
mode  of  vibration  which  is  indistinguishable  f,.'om  the  lattice  itself.  As  a result,  this  technique  is 
applicable  to  the  lighter  atoms  which  can  be  introduced  into  a crystal. 

From  the  absorption  spectrum  shown  in  Figure  44,  it  is  clear  that  carbon  is  present  in  the  crystals 
b«'ing  measured.  The  question  is,  can  the  concentration  be  determined  from  these  measurements? 
Thom[)son  and  Newman<23)  have  correlated  the  absorption  coefficient  of  this  line  with  the 
caroon  concentration  and  have  arrived  at  an  order-of-magnitude  estimate: 

l(’l/rf=  3 X lOlfi/cm^  (9) 


23  F.  Thompson  and  R.  C.  Newman,  J.  Phys.  C.,  S.S.Phys.  4,  3249  (1971). 
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TABLE  10. 

SUMMARY  OF  IMPURITIES  FOUND  IN  GaP 


Crystal 

Type 

Impurities 

Concentration  (cm'^l 

Method 

General  Klectni'  (OK) 

n 

S 

7x1017 

Absorbance 

BSG-1 

p 

C 

Photoconductivity 

Si(p)? 

BSG-8 

n 

C 

- 2.5x1016 

Absorbance 

s 

4xl0l'? 

BSGIO 

n 

c 

- Ixl0l7 

Absorbance 

s 

> 2x1017 

BSG-n 

n 

c 

- 5x1016 

Absorbance 

s 

2.5xl0l'^ 

BSG-12 

n 

c 

- Ixl0l7 

Absorbance 

> 3x1017 

AD-9* 

p 

Si(?) 

Photoconductivity 

Cu 

AD-20 

p 

C 

Photoconductivity 

Si(?) 

Cu 

AD-26 

9 

c 

- 5x1016 

Absorbance 

AD-27 

p 

c 

- 2,5x1016 

Absorbance 

SSD-3 

p 

c 

9 

Absorbance 

• The  crystals  labeled  AI>  were  grown  from  solution  during  a previous  program. 


with  a possible  error  of  about  a factor  of  3.  A summary  of  tlie  c arbon  eoncentrations  observed  in  a 
number  of  crystals  is  shown  in  Table  10.  Crystals  BS(l-8.  -10,  -11  and  -12  in  addition  to  crystsds 
AD-26  and  AD-27  all  have  carbon  concentrations  about  mid  lO^^Vcm^,  as  determined  from 
measurements  of  the  local  mcKle  absorbance. 

b.  Kxcitation  Spectra  'I’he  introduction  of  impurity  atoms  into  semiconductors  is  know'n  to  create 
energy  levels  in  the  forbidden  energy  gap  which  are  associated  with  the  impurities.  Electronic 
transitions  can  occur  from  the  ground  state  of  the  impurity  to  the  various  excited  state  levels 
associated  with  the  impurity,  giving  rise  to  a sharp  line  absorption  spectrum.  ’Iliese  transitions  are 
well  defimxl  in  energv’  and  are  characteristic  of  a particular  impurity  in  a semiconductor.  The 
absorption  spectrum  is  then  an  unambiguous  fingerprint  of  the  particular  impurity.  This  fact 

has  been  used  extensively  to  identify  iminirities  in  Si  and  Ge,  and  we  have  used  this  procedure 
successfully  to  identify  shallow  donors  in  Gal’^^^K 

I’he  infrared  absorption  spectrum  of  carbon  has  not  been  previously  published;  in  fact,  only  the 
spectrum  of  Cd  in  GaP  has  been  reported^25l  prom  luminescence  experiments  in  carbon-doped 
GaPl26)^  the  position  of  a number  of  excited  states  have  been  determined  and  agree  with  our 
measurements  to  within  2 cm'^.  The  line  at  272  has  been  tentatively  identified  as  a ls3^2 transition, 
and  the  line  at  297  has  been  labeled  as  a IS3/2  ■ 2p5/2  transition. 

These  measurements  have  been  made  only  in  sample  SSD-3,  but  have  shown  that  this  technique 
is  a feasible  means  of  identifying  carbon  in  p-type  GaP.  In  addition,  by  correlating  the  absorption 
intensity  of  these  lines  with  electrical  measurements,  the  optical  measurements  can  be  made 
quantitative  as  well  as  unambiguous.  The  results  of  these  measurements  iU'e  also  listed  in  Table  10. 

c.  Photoconductivity  - 'Phe  oscillatory  behavior  of  the  photoconductivity  shown  in  Figure  45 
results  from  the  interaction  of  the  optically  excited  carriers  with  the  longitudinal  optical  (LO) 
phonons.  The  occurrence  of  these  dips  in  the  photoconductivity  can  be  understood  as  follows. 

21  VV.  Scott  and  J.  R.  Onffroy,  Phys.  Rev.  IJ,  1664  (1976). 

25  W.  Bt'mdt,  A.  A.  Kopylov  and  A.  N.  Pikhtin,  JKTP  Lett  284  (1975). 

25  R.  A.  Street  and  W.  Senske,  Phys.  Rev.  Lett  37,  1292  (1976). 
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The  onset  of  extrinsie  pholoeoiuiuetivity  at  low  temperatures  occurs  when  the  photon  enerKY 
equals  the  ionization  ener^^x’,  E,.  of  the  impurity.  As  the  photon  energy  increases  beyond  the 
ionization  energy,  the  photocurrent  per  excitwl  carrier  generally  increases.  This  is  due  to  the 
increased  lifetime  of  the  optically  excited  carriers  since  their  probability  of  capture  by  the  ionized 
centers  decreases  as  the  kinetic  energy  of  the  carriers  increases.  Stocker,  et.al.^^”^)  have  shown  that 
when  the  energy  of  the  carriers  injectwi  into  the  band  satisfies  the  condition  E(n)  = Ej  + nfiwLo- 
where  E(n)  is  the  energy  of  the  carrier,  then  the  injected  carriers  can  decay  rapidly  to  the  bottom 
of  the  band,  emitting  phonons  of  energy  'Iliis  results  in  a decreased  average  lifetime  for  the 

carriers  at  these  injection  energies  and  results  in  dips  in  the  photoconductivity  spectrum. 

The  ionization  energy  of  the  impurity  can  be  obtedned  from  the  photoconductivity  spectrum 
using  the  above  expression  for  the  energies  of  the  minima.  Plotting  the  energy  of  the  minimum 
versus  the  minimum  number,  as  shown  in  Figure  56,  we  see  forms  a straight  line.  The  slope  of  the 
line  is  about  400  cnr^,  corresponding  to  the  LO  phonon  frequency  in  GaP,  and  the  intercept  gives 
an  ionization  energy  of  about  400  cm'^  (50  meV).  The  fact  that  Ej  anddf^Lo  approximately  the 
same  is  purely  coincidental.  The  ionization  energy  of  carbon  is  reported  to  be  48  meV,  so  this  is 
consistent  with  the  50  me\'  required  to  give  the  observed  oscillations  in  the  photoconductivity. 


Sample  BSG-4,  listed  in  Table  PO,  contained  carbon  as  an  impurity  as  identified  by  this  technique. 
Since  photoconductivity  measurements  are  not  quantitative,  the  carbon  concentration  could  not  be 
determined.  The  presence  of  carbon  was  unambiguously  verified  in  this  crystal. 


In  conclusion,  three  methods  involving  infrared  spectroscopy  were  developed  to  identify  the 
presence  of  carbon  in  GaP.  Ibe  techniques  rely  on  (1 ) optical  absorption  due  to  lattice  local 
mode  lines  intrcrduced  by  the  carbon,  (2)  optical  absorption  due  to  electronic  transitions  within  the 
carbon  energy  levels  and  (3)  photoconductivity  due  to  the  excitation  of  the  carbon  impurity  centers. 

With  these  three  techniques,  we  have  been  able  to  identify  carbon  as  an  impurity  in  both  n-type  and 
p-type  GaP.  These  results  are  summarized  in  Table  10. 


27  H.  J.  Stocker,  H.  Levinstein  and  C.  R.  Stennard,  Phys.  Rev.  IM,  613  (1966). 
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Figure  56.  F^nergy  of  the  photoconductivity  minima  as  a functio 
intercept  at  400  cm'l  gives  the  impurity  ionization  et 
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4.  -IiitH  tion  CapaciliiMi  r Mcasiirt  mcnUi 


It  is  well  known  that  the  tnajonty  carrier  impurity  clistrilnition  can  he  determined  from  the  bias 
dependence  of  the  junction  ca|)acitanc('.  The  ca|)acitiuiee  of  a .S<'hottky  harrier  on  an  n-tyiie  suhstraU’ 
vanes  w ith  voltage  according  to  the  expression 

^,-2  ■ 12(0|)  + V)/(  A-e  e,)(. ) n (w)  (lOy 

where  A is  the  area  of  the  junction,  e the  electron  charge,  Cq  is  the  permitivity  of  free  space,  c the 
dielectnc  constant,  n(\v ) = N(|  - N.,  is  the  carrier  concentration  at  the  edge  of  the  depletion  width, 

<?j)  is  tlu‘ junction  diffusion  j>otential  and  V the  applied  bias.  Figures  46  and  47  showtHl  l/T^ 
versus  V jilots  at  room  temperature  for  a Schottky  barrier  fromed  on  a SSD  substrate  and  on  an 
Ll’K  layer.  T'he  linear  dependence  of  the  characteristics  indicates  that  N^j  - Ng  does  not  vary  with 
distance  throughout  the  deyiletion  width  of  the.se  junctions.  For  the  SSD  sample,  the  carrier 
concentration  varied  by  about  12'?  and  for  the  LPF,  layer  by  about  159c.  Note  that  the  slope  of  the 
characteristic  varies  with  the  fourth  power  of  the  diameter  of  the  diode,  so  small  errors  in 
detc'rmining  the  diameter  hav(>  a large  influence  on  the  deU'rmination  of  the  carrier  concentration. 

l/C'2  vs  \’  was  plottetl  in  Figure  48  for  two  .Schottky  barriers  on  an  angle4ap()e<l  surface  of 
Ll’K-10-6.2.  Diodes  1 and  2 are  approximatt'ly  15  and  50  yum  respectively,  from  the  growth  interface. 
Note  that  the  earner  concentration  inc-reases  with  distance  from  the  surface;  i.e.,  the  maU>rial 
near  the  surface  is  less  compensated.  This  maU'rial  was  inadvertently  grown  over  a large  temi>eraturi 
range;  the  closer  to  the  surface,  the  lower  the  growth  temjM'rature.  This  suggests,  in  agreement  with 
our  BSCt  Cu  doping  exjieriments,  that  more  Cu  is  incorporat(>d  into  OaP  at  higher  than  at  lower 
temperatures.  This  is  an  ex|>ected  result.  The  main  puryxise  of  pn'senting  the.se  results  is  to 
■J  d«-monstrate  the  usefiilm'ss  of  C-V  measurements  for  determining  carrier  concentration.s. 

Schottky  bamer  capacitance  measurements  can  also  be  us(>d  for  the  study  and  charaeti'ri/ation  of 
deep  l«-v('ls  in  semiconductors.  The  mainer  in  which  deep  l<>vels  can  influence  the  junction 
capacitance  is  illustratinl  in  Figure  57.  This  figure  shows  the  equilibrium  band  bending  and  space 
charge  density  as  a function  of  distance  from  the  surface  in  a Schottky  barrier  fonmnl  on  an  n-type 

T 

I 
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semiconductor  with  shallow  and  deep  donor  levels.  When  the  junction  is  reversed  biased,  the  space 
chartje  width,  of  course,  widens  w ith  additional  states,  both  .shallow  and  deep,  being  ionized.  The 
incremental  space  ch;u-ge  which  is  introduced  by  an  incremental  change  ,^V  in  the  potential 
is  shown  in  the  shaded  area  of  Figure  57.  In  general,  the  capacitance  of  a planar  Schottky  diode  is 
given  by  cCyA.'x^.g,  where  c is  the  low  frequency  dielectric  constant.  A the  diode  area  and  x,.g  the 
center  of  gravity  of  the  AQ  distribution.  Hence,  if  by  altering  the  reverse  bias  voltage,  the  Fermi 
level  can  be  moveti  through  the  deep  defect  level,  and  if  the  frequency  of  the  ac  measuring  voltage 
IS  low  enough  so  that  the  population  of  the  deep  levels  can  follow,  the  deep  levels  will  affect,  in 
.some  way,  the  junction  capacitance. 

As  discussed  above,  we  have  utilized  two  techniques  for  deep  level  studies  in  GaP.  The  first  is  the 
admittance  spectroscopy  technqiue.  Figure  49  shows  the  temperature  dependence  of  the  conductance 
for  several  frequencies  in  a Au/GaP  Schottky  diode  which  was  fabricated  on  a BSG-4  substrate.  The 
theory  for  this  mechanism  pr(>dicts  that: 


j3/2 

peak 


w exp 


where  Tp^.^jj  is  the  temperature  of  the  peak  and  is  the  energy  depth  of  the  level  below  the 
conduction  band.  In  Figure  58  we  have  plotted  (oj)  (Tpg^)'3/2  as  a function  of  the  reciprocal 
temperature  for  two  samples.  The  slope  of  these  data  give  E^  0.14  eV.  Note  that  one  of  the  points 
does  not  fit  the  straight  line.  We  have  not  identified  the  source  of  this  defect. 

With  the  admittance  spectroscopy  technique,  we  have  not  been  able  to  identify  any  other  levels  in 
(•aP  than  the  one  discussed  above.  In  fact,  we  have  encountered  difficulty  in  reproducing  results 
using  this  twhnique.  W'e  believe  that  the  double-source  photocapacitance  DSP  technique,  the  results 
of  which  are  di.scus.sed  below,  is  a more  useful  method  for  deep-level  investigation  in  GaP.  The  DSP 
Ufhmque  has  recently  been  discussed  by  WTiite,  Dean,  and  Porteous<®). 


^ A.  M.  White,  P.  J.  Dean  and  P.  Porteous,  J.  Appl.  Phys.  47,  3230  (1976). 
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Figure  50  shows  the  result  of  our  measurement  of  change  in  capacitance  of  Schottky  barriers  formed 
on  BSG  substrates  as  a function  of  the  probing  radiation  energy  for  three  different  measuring 
frequencies.  These  data  can  be  interpreted  by  assuming  a deep  donor  and  a deep  acceptor  as  is 
shown  in  Figure  59.  The  priming  radiation  acts  to  fill  the  donor  levels  with  electrons  and  the  deep 
acceptors  with  holes.  WTien  the  probe  radiation  energy  is  between  0.4  and  0.6  eV,  it  acts  to  de- 
populate the  electron  traps  with  a resultant  increase  in  capacitance.  At  frequencies  less  than  10“^ 

Hz  and  for  probe  rauiation  energy  greater  than  0.6  eV,  the  capacitance  is  decreased  because  the 
principal  effect  is  to  depopulate  the  hole  traps.  At  the  highest  frequency  (2  x 10^  Hz),  the 
capacitance  increases  monotonically  with  increasing  probe  radiation  energy.  This  change  in 
behavior,  we  believe,  is  due  to  the  measuring  frequency  being  too  high  for  the  deep  acceptor 
to  follow.  Hence,  this  ttx;hnique  can  be  used  to  characterize  both  the  energy  location  of  the 
defect  level  and  its  time  constant.  Although  intentional  doping  experiments  have  yet  to  be  done 
to  positively  identify  the  levels,  the  deep  acceptor  is  most  likely  Cu.  The  electron  trap  <0.4) 
is  not  yet  identified. 


Figure  59.  Fx^uilibrium  band  schematic  of  a Schottky  diode  on  an  n-type  substrate  with  deep  donor 
and  acceptor  states. 
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The  results  of  photocapaeitance  measurements  on  an  LPE  AaP:Cu  layer  are  shown  in  Figure  51.  VVTien 
the  sample  is  illuminated  with  greater  than  bandgap  radiation,  all  transitions  into  and  out  of  the 
defeet  levels  are  pt*rmissible.  Hence,  for  each  level  some  steady -state  population  wil>  be  achieved. 

The  degree  to  which  a center  is  filled  or  empty  will  depend  on  the  capture  cross-sections  for  the 
transition.  The  samples  were  cooled  to  77  K so  that  after  the  radiation  is  turned  off,  the  time 
for  the  deep  levels  to  return  to  equilibrium  is  long.  Consequently,  some  of  the  electron  states  below 
the  Fermi  level  which  in  equilibrium  would  be  filled  are  empty,  and  electrons  can  be  optically 
excited  from  the  valence  band  to  these  states.  Introducing  negative  charge  in  the  depletion  region 
of  an  n-type  sample  will  cause  the  capacitance  to  decrease  while  the  introduction  of  positive 
charge  will  cause  the  capacitance  to  increase. 


The  data  in  Figure  51  show  two  distinct  acceptor-like  levels  near  0.5  and  0.7  eV.  The  0.7  eV  level 
is  the  Cu  acceptor  which  has  also  been  detected  by  the  optical  quenching  of  photoconductivity. 
The  0.5  eV  level  is  believed  to  be  another  Cu  related  acceptor  state.  We  have  also  seen  evidence  of 
this  level  in  the  IR  spectroscopy  experiments. 


Schottky  barriers  are,  of  course,  majority  carrier  devices.  Forward  biasing  of  the  diodes  causes  a 
large  electron  current  to  flow,  which  at  first  thought  should  fill  all  of  the  electron  levels  below  the 
Fermi  level.  The  data  shown  by  the  solid  line  in  Figure  51  show  the  spectral  dependence  of  the 
photocapacitance  just  after  a forward  current  of  0.1  mA.  Note  the  two  levels  discussed  above 
are  still  detected.  This  suggests  that  even  after  forward  bias,  the  deep  acceptors  are  filled  with  holes 
either  as  a result  of  minority  carrier  injection  currents  or  by  a tunneling  effect(‘^d). 

5.  Summary 


Figure  60  summarizes  the  defect  levels  and  their  activation  energies  which  we  have  identified 
in  our  GaP  research  program. 


I 

I 
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We  wish  to  thank  Professor  C.  T.  Sah  for  helpful  discussions  in  interpreting  these  data. 
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Figure  60.  Defect  levels  in  gadlium  phosphide. 
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SECTION  V 

PROGRESS  AND  ACCOMPLISHMENTS 


The  objective  of  this  research  effort  was  to  develop  a crystal  growth  program  which  could  produce 
large,  uniform  GaP  crystals  suitable  for  the  high-performance  detector  applications  specified  by  the 
Air  Force.  As  discussed  earlier,  to  accomplish  this  objective,  we  elected  to  advance  two  solution 
growth  techniques  for  GaP  - bulk  solution  growth  and  liquid  phase  epita.xy. 

The  research  on  the  bulk  growth  of  GaP  has  progressed  to  the  point  where  single  crystals  1.0  cm  in 
diameter  can  be  grown.  These  crystals  exhibit  a favorable  growth  morphology  and  are  free  of  Ga 
inclusions.  We  have  further  developed  the  bulk  growth  process  to  allow  the  direct  synthesis  of  GaP 
from  Ga  and  P by  the  so-called  synthesis-solute-diffusion  (SSD)  technique.  ITiis  technique  is  now 
firmly  established  for  the  growth  of  single-crystal  bulk  GaP.  Our  research  indicates  that  a bulk 
solution  growth  technique  can  be  used  to  grow  substrate  material  for  LPE  growth. 

The  LPE  apparatus  and  growth  process  have  been  significantly  upgraded,  with  a resulting  improve- 
ment in  the  quality  of  the  grown  layers.  Large-area,  high-gain,  uniform  photoconductors  have 
been  grown  by  this  technique.  The  benefits  which  we  anticipate  from  the  further  development  of 
the  solution  growth  processes  for  GaP  have  been  largely  realized. 

Following  is  an  abbreviated  list  of  the  significant  accompli.shments  achieved  during  this  program: 

• Improved  the  LPE  growth  apparatus  to  achieve; 

—Improved  surface  morphology 

- Increased  area  of  LPE  layers  to  5 mm  x 12  mm. 

• Demonstrated  that  sen.sitized  Cu-doped  GaP  can  be  grown  by  LPE: 

—Extended  short-wavelength  (0.25  pm)  response  observed  on  as-grown  LPE  GaP;Cu  layers 
—High  sensitivity  LPE  GaP:Cu  has  been  grown  (photoconductive  gains  10"^— 10^) 

—Short  response  time  (1-*10  msec)  observed  in  LPE  GaP;Cu  material 
—Spatial  uniformity  of  photoresponse  <A10  percent  over  3 mm  slit  width. 
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Designed  and  constructed  new  growth  apparatus  for  BSG : 

— 1.0-cm-diameter  crystals  grown  by  BSG  technique 

- Growth  rate  -1  mm/day  achieved 

—Uniformity  of  majority  carrier  concentration  in  BSG  GaP  < 10  percent. 

Developed  SSD  technique  for  the  growth  of  GaP: 

— 1.2-cm-diameter  crystals  grown  by  this  technique 

- -Uniformity  of  majority  carrier  concentration  *15% 

—Low  dislocation  density  ("10^  cm'^)  in  some  material. 

Measured  principal  defects  in  GaP:Cu: 

—Shallow  donors 
—Electron  trap 
—Shallow  acceptors 

- Deep  acceptors. 

Determined  primary  scattering  mechanisms  in  GaP-.C: 

—Lattice  scattering  near  room  temperature 

- Ionized  impurity  scattering  near  77  K 
—Impurity  conduction  near  30  K. 

Advanced  materials  evaluation  capability  for  GaP. 

—Employed  Fourier  transform  spectroscopy  for  defect  studies  in  GaP 
—Employed  oscillatory  photoconductivity  for  defect  studies  in  GaP 
—Utilized  double  source  photocapacitance  technique  for  deep  level  studies  in  GaP 
—Developed  van  der  Pauw  and  high  resistivity  capability  for  Hall  and  resistivity  studies 
in  GaP. 
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APF>FNF1IX  A 


IMiOTOCONDUCTlVITY  IN  WIDE  BANDGAP  MATERIALS 


'Fhere  are  two  possible  mechanisms  for  the  enhancement  of  photoconductivity  which  occurs  in 
n-type  material  when  it  is  doped  with  a deep  acceptor.  The  first  is  the  sensitization  which  can  occur 
if  the  recombination  traffic  is  diverted  through  the  added  deep  acceptor.  We  will  refer  to  this 
mechanism  as  “sensitization  by  addition  of  recombination  centers.”  The  second  mechanism  is  the 
enhancement  which  can  occur  if  the  added  centers  act  only  as  minority  carrier  traps.  We  will  refer 
to  this  as  “sensitization  by  minority  carrier  trapping.”  In  this  section,  we  will  compare  these  two 
photo-enhancement  mechanisms. 


1.  SENSITIZATION  BY  THE  ADDITION  OF  RECOMBINATION  CENTERS. 


Consider  first  rwombination  in  a material  with  a single  recombination  center,  labeled  A in 

Figure  A-1.  Ny\  is  the  density  of  the  A<‘enters.  is  the  cross-section  for  electron  capture  by  an 
h 

empty  A-center.  o'*  is  the  cross-section  for  hole  capture  by  a filled  A-center.  For  sake  of  simplicity, 
A 

we  assume  that  the  photo-induced  carrier  concentrations  An  and  Ap  are  large  compared  to  the 
equilibrium  values. 
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Filjure  A-1 . Band  sc  hematic  for  a single  combination  center. 


The  rate  equation  for  the  elt>ctrons  becomes; 


= F --  (An)  (Na-ha)  7^  (1) 

dt  A 


where  F is  the  electron-hole  generation  rate  and  y ® 

A 

velocity.  In  the  steady  state: 


e e j,  e _ electron  thermal 
A th  th 


An 


F 


1 

(NA-nA)r® 


(2) 


Equation  2 requires  that  the  density  of  recombination  centers  be  small  enough  so  that  they  do  not 
affec  t the  charge  neutrality  condition;  i.e..  An  = Ap.  Then,  Xp  = rj,  is  constant  and  the  photosignal 
varies  linearly  with  photon  flux. 


Now  we  introduce  a second  set  of  recombination  centers  Ng  with  the  characteristic  < 


0*“.  We 
A 
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now  arg\ii‘  that  introduction  of  these  additiotuil  recombination  centers  can  increase  the  majority 

earner  lifetime.  It  is  not  intuitively  obvious  that  adding  recombination  centers  can  increase  the 

majority  carrier  lifetime.  'I'he  situation  is  depicU'd  in  Figun-  A-2.  'I'he  B-centers  are  very  deep  and 

hence  in  the  absence  of  radiation  are  filled  with  electrons.  For  levels  of  illumination  such  that  the 

hole  demarcation  level  F,*^  lies  above  the  B-centers,  they  function  only  as  hole  traps.  If  the 
d 

presence  of  the  B-centers  does  not  substantially  affect  the  population  of  the  A-centers,  then  for  low 
levels  of  illumination,  the  majoritj’  carrier  lifetime  will  not  be  altered  by  the  [iresence  of  the 
B-centers.  Later  we  will  .show  how  the  B-centers  can  affect  the  majority  carrier  lifetime  when 
acting  as  traps,  but  for  this  part  of  the  discussion,  we  assume  that  effect  is  small. 


As  the  light  intensity  is  increased,  the  hole  demarcation  level  moves  downward  toward  the  valence 
band.  We  now  consider  the  situation  wheu  the  demarcation  level  has  moved  through  the  B-centers. 
Therefore,  the  B-centers  act  as  recombination  centers  rather  than  as  hole  traps.  'I’he  allowed  electron 
transitions  for  this  situation  are  shown  in  F’igure  A-3. 


/Mthough  we  do  not  know  the  exact  nature  of  the  A-center,  consider  the  following  situation.  The 

A-centers  are  neutral  when  empty;  they  carry  a negative  charge  when  filh'd  with  an  electron. 

Consequently,  w **  is  most  likely  <r  , where  o is  the  cross-section  of  an  empty  (neutral)  A-center 
h 

and  o"  is  the  cross-section  for  hole  capture  by  a filled  (negatively  chargi'd)  A-center.  'I’he  B-center 
A 

when  fillet!  with  electrons  carries  a double  negative  charge;  it  ts  singly  negatively  charged  when  it 

loses  an  electron  (i.e.,  gains  a hole).  Because  the  B-center  is  negatively  charged  when  it  is  occupied 

by  a hole,  r;‘‘  o hi  addition,  assume  that  the  density  of  the  A-centers  is  much  less  than  the 
B A 

density  of  the  B-centers.  Our  assumptions  thus  far  are: 


A >>  B 

A <<  A 
Nb  ^ 


(3) 


Before  we  calculate  the  lifetime,  we  should  think  through  the  (irocess.  ('reate  electron-hole  pairs. 
B«‘cause  a ^ as  long  as  there  are  empty  A-centers,  the  electrons  will  be  captured  primarily 

by  the  A-centers.  'Fhe  B-<enters  are  all  filled  initially  and  are  greater  in  density.  Since  all  of  the 
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B-centers  are  initiiilly  filli>(i  and  Nj^  > :•  and  n ><;  *’^,most  of  the  holes  will  go  to  the  B-centers. 
Holes  going  to  A-<  enters  constitute  rwonibination.  On  the  other  hand,  holes  which  are  captured  hy 
the  B-eenters  are  k'ss  likely  to  recomhine  with  electrons  hecause  of  the  small  cross-st>ction  which 
the  B-centers  have  for  electron  capture.  Theri'fore,  once  the  demarcation  level  moves  through  the 
B-center,  changing  it  from  a traji  to  a recombination  center,  the  B-centers  fill  with  holes  and  the 
.*\-centers  fill  with  electrons  until  the  A-centers  become  .saturated.  After  the  A-centers  are 
saturatwl,  electrons  then  recombine  primarily  with  holes  through  the  B-centers.  The  effect  of 
adding  the  B-centers  is  to  block  recombination  through  the  A-centers  and  force  recombination  through 
the  B-centers,  which  have  a much  smaller  capture  cross-section  than  do  the  A-centers.  Since 
TOCO  this  mechanism  can  significantly  increase  the  electron  lifetime  and  hence  the  sensitivity. 

'Hie  situation  after  the  A-centers  are  saturated  is  .shown  in  Figure  A-4. 


Figure  A-1.  Band  schematic  for  a sensitizcHl  photoconductor. 


We  now  present  an  analytical  treatment  similar  to  that  of  Rose  to  support  the  above  model. 


The  rate  of  change  of  the  electron  density  is: 


dn 


-3^  = F - (n)(N^-n^)  o^v^j,  - (n)  (Nr- n^)(;,5  v^j,  =F--!L 
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7^ 


(4) 
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where  r®  is  the  lifetime  for  the  sensitized  case.  Hence: 
e 


(N. 


-nR) o®v 


B th 


Na~»a 


(5) 


In  the  steady  state,  the  rate  at  which  electrons  and  holes  are  captured  must  be  equal  for  both  the 
A-centers  and  B-centers: 


(nl(N^-n^)  = (p)  (n^) 

and  (6) 

(nl(N„-nB)  - (pl  InsI 


Kquation  6 givt's; 


(7) 


Now,  as  the  A-centers  saturate,  as  they  must  since  o ® and  No  > N * , n 

A B B A 

Nb  ~ nR  — N^.  If  the  density  of  the  B-centers  is  large,  Ur2;  Nr.  These  three 
along  with  Kquation  7 when  substituted  into  Equation  5,  give; 
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If  the  lifetime  in  the  unsensitized  case  is  given  by  Piquation  2,  then  the  ratio  of  the  lifetime  when 
sensitized  to  that  when  unsensitized  is  given  by: 


(9) 


This  ratio  can  be  large  (10'^  or  greater)  so  the  effect,  according  to  this  mechanism,  of  adding  the 
B-centers  as  recombination  centers  can  greatly  enhance  the  photosensitivity. 


2.  SENSITIZATION  BY  MINORITY  CARKIP:R  TRAPPING 


Consider  now  the  situation  where  the  B-centers  act  only  as  hole  traps.  The  allowed  electron 
transitions  arc  shown  in  Figure  A-2.  In  the  steady  state,  the  rate  for  the  electrons  is: 

F = (An)  (N^  — n^)  7®  = ^ 

^e 

As  before,  we  have  assumed  An  ~ n and  Ap  =:  p.  The  steady-state  equations  for  transitions  into  and 
out  of  the  A-centers  and  B-centers  respectively  are: 

(An)  (7®)  (N  --  n ) = Ap  n (H) 

AAA  A A 


and 


^PB  Ng-ApB  ^ ^ 

Ap  = N,b  " N,,b 

where  Apy  = Ng— ng  and  Ny  b '®  reduced  density  of  states  for  the  thermal  transitions  from 
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the  B-oenters  to  the  valence  hand.  The  approximation  in  Equation  12  assumes  that  illumination  is 
not  strong  enough  to  markedly  change  the  population  of  the  B-centers.  If  the  density  of  the  A- 
centers  us  low  enough  so  that  changes  in  n^  do  not  affect  the  charge  neutrality  condition,  then: 


An  - Ap  + App 

Equation  lC-13  are  four  equations  with  four  unknowns.  With  a moderate  amount  of  algebra, 
these  equations  can  be  solved  to  give: 


where  r^,  given  by  Equation  2,  is  the  lifetime  where  there  are  no  B-centers  present.  We  have 

assumed  a®  <<  Therefore,  Equation  14  shows  that  with  the  mechanism  under  consideration, 
A A 

enhancement  of  the  majority  carrier  lifetime  can  occur  if  the  following  ratio  is  appreciable; 


3.  COMPARISON  OF  THE  TWO  MECHANISMS 


In  order  to  facilitate  this  discussion,  we  retain  the  nomenclature  used  above;  i.e.,  is  the 
majority  carrier  lifetime  when  the  B-centers  act  as  recombination  centers  and  is  the  lifetime 
when  the  B-centers  act  as  hole  traps. 

Note  first  of  all  that  is  independent  of  photon  flux.  TTierefore,  for  the  situation  where  the 
B-centeis  act  solely  as  hole  traps,  the  photoconductive  signal  should  vary  linearly  with  photon  flux. 
The  photoconductive  signal  is  given  by  I = GF,  where: 
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(15) 


G = 

~T 

L 


where  n is  the  mobility,  t the  lifetime,  V the  applied  bias  and  L the  contact  spacing. 

For  the  case  where  the  B-centers  can  act  as  recombination  centers,  one  has  to  consider  three 
different  regimes  of  photon  flux  intensity.  For  low  levels  of  Ulumination,  the  hole  demarcation 
level  Kp*’  lies  above  the  Kjj  level,  the  photoconductor  is  un.sensitized  and  .As  the  flux 

intensity  is  increased,  moves  through  Eg,  and  when  Ej^^  lies  below  Eg,  the  photoconductor 
is  fully  sensitized  and  is  given  by  F^quation  8.  If  > > o g^,  Tg®  can  be  much  longer  than 
r'^.  Hence,  the  photoconductive  signal  in  the  so-called  sensitized  regime  is  much  larger  than  in  the 
unsensitized  regime.  In  both  of  these  regimes,  the  lifetime  is  constant  so  the  signal  vanes  linearly 
with  photon  flux.  In  the  transition  region  between  these  two  regimes,  the  signal  must  vary 
superlinearly  with  photon  flux.  A schematic  of  these  three  regimes  is  shown  in  Figure  A-5.  'Fhis  is 
the  only  model  we  know  of  which  yields  a superlinear  dependence  in  the  photosignal  — photon 
flux  characteristic. 

Consider  now  the  position  in  the  energy  band  of  the  hole  demarcation  level.  A hole  located  at  the 
demarcation  level  has  the  same  probability  of  recombining  with  a free  electron  as  of  being 
thermally  excited  to  the  valence  band.  By  equating  these  two  probabilities,  one  obtains: 


- F:^)  = (Eg  - Ef«)  + kTin 


”b 


where  E . and  E^  are  the  energies  at  the  conduction  and  valence  band  edges,  Ef*"  is  the  electron 
quasi-fermi  level  and  mj^  and  mg  represent  the  hole  and  electron  effective  mass,  respectively.  These 
levels  are  shown  in  Figure  A-6.  Note  that  there  is  a different  demarcation  level  for  each  defect 
center.  Note  also  that  as  the  electron  population  increases,  the  quasi-fermi  level  moves  toward  the 
conduction  band  edge  and  the  hole  demarcation  level  moves  correspondingly  closer  to  the  valence 
band.  Consequently,  for  low  resistivity  material,  the  demarcation  level  can  lie  near  the  valence  band 
edge.  In  order  to  estimate  the  importance  of  the  cross-section-dependent  term  in  Equation  16, 
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Figure  A-5.  Photocurrent  versus  photon  flux  intensity  for  a sensitized  photoconductor. 


Figure  A-6.  Band  schematic  showing  electron  and  hole  demarcation  levels. 
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assume  that  mj^  = m^  and  = 10^.  P'or  these  values  and  for  T 300  K,  the  second  term 

of  Equation  16  equals  0.17  eV.  P'or  a GaP-like  semiconductor  doped  to  a/  lO^^cm*^  and  with 
Og^/OB®  = 10^,  the  hole  demarcation  level  will  lie  within  0.4  eV  of  the  valence  band.  Hence,  for 
moderate  doping  levels,  all  centers  deeper  than  0.4  eV  from  the  valence  band  will  act  as 
recombination  centers,  even  in  the  dark. 
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